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ABSTRACT
A  laboratory testing program was developed to  formulate a relationship which could  
be used  to  estimate the active zone depth at a given site w ith the index properties o f  the 
potentially expansive soils at the site. The testing program utilized standard consolidom eters  
to incrementally add moisture to soil specimens to determine a swell versus soil suction index. 
T ests w ere performed on laboratory manufactured soil specim ens o f  comm ercial clay to  
validate the testing m ethodology.
A  QUATTRO PRO computer spreadsheet was developed to  perform the calculations 
to determine the potential field surface heave for the soils tested provided they w ere at a site 
in the St. L ouis area o f  M issouri. The spreadsheet then determined the heave versus depth 
o f  soil stabilization. The depth o f  stabilization corresponding to  an allowable am ount o f  
heave was the active zone depth for the particular soil. This depth w as then related to  the P.I. 
o f  the particular soil tested. Recommendations were made for further research using this test 
procedure.
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I . IN T R O D U C T IO N
The moisture contents o f  soils in the field change with tim e according to  the seasons  
and rainfall. Soil closest to  the surface will increase in m oisture content during the w et 
season. During the dry season, this moisture will be lost to vegetation and evaporation. The 
longer the season, the deeper the effect on the soil. At som e depth, the effects o f  these  
atm ospheric and biological processes are diminished to practically nothing. This depth to 
constant m oisture content is called the depth o f  seasonal m oisture change or active zone  
depth. Actually, the depth o f  seasonal m oisture variation has been defined separately from  
the active zone depth (Kraynski, 1967). The difference between the tw o arises w hen  climatic 
extremes occur o f  sufficient duration to change the depth o f  seasonal m oisture change. But 
in the fo llow in g  years the seasons return to normal and the m oisture condition due to  the 
climatic extrem e will be virtually locked in tim e beneath the surface o f  the earth w hen  the 
depth o f  seasonal moisture change returns to a more shallow depth. The depth o f  effect o f  
the climatic extrem e is then called the active zone depth. T he active zo n e  depth is  the 
potential depth that expansive soils can either increase or decrease in water content and hence 
swell or shrink. A s the expansive soil swells, or shrinks, the change in volum e can result in 
damaging levels o f  differential movement o f  footings and slabs-on-grade. This is especially  
true for lightly loaded structures. Therefore the active zone depth is a very important 
consideration w hen designing for expansive soils. H ow ever, because o f  the environmental 
changes induced by a structure, the active zone depth is som etim es not the deepest depth o f  
potential change. Therefore, even when the active zone depth is known, it should be used  
with caution; perhaps with an appropriate factor o f  safety based on  the particular expansive
2so il design case. Presently there is not an effective m ethod o f  estim ating the depth o f  the  
active zon e o f  expansive soil in the St. Louis area o f  M issouri. A n estim ate o f  this depth is 
needed  to  determine subgrade stabilization and foundation design alternatives in order to  
prevent or reduce heaving o f  lightly loaded structures.
A  survey conducted in 1991, summarized the then current experience w ith  expansive  
soils o f  nine geotechnical firms in the metropolitan St. L ouis area (Baker 1991). The survey  
found that 8 o f  the 9  firms reported at least 20%  o f  their projects involved  expansive soils. 
The values ranged from 5% to  50% w ith an average o f  about 30%. M ost o f  the firms m ade 
design  recom m endations for dealing with expansive soils based on Atterberg limit testing  
fo llow ed  by volum etric swell tests and/or constant volum e swell pressure tests if  deem ed  
necessary. The m ost popular m ethod o f  treating the expansive soils w as rem oval and 
replacement. Lime stabilization w as occasionally recommended. The m ost com m on depth  
o f  excavation and removal recommended w as 3 feet, w ith  tw o  firms typically recom m ending  
5 feet. Removal beneath floor slabs w as recommended by all o f  the firms. Four o f  the firms 
also recommended removing the expansive soil beneath the footings. There w ere no reports 
o f  any claim s brought against the firms and/or dam ages resulting from expansive clay. O ne  
principal engineer suggested that this w as the result o f  the problem being very w ell know n  
and very conservative approaches being practiced.
The depth o f  3 feet for removal and replacement is within a com m on range o f  depths 
for the procedure encountered in the literature. Chen (1988 ) recom m ends a minimum  
removal o f  3 to  4  feet. N elson  and M iller (1992) report that 4  feet is a maximum practical 
depth o f  removal and replacement. I f  the depth o f  the active zone could be estim ated for a 
specific site, more efficient design alternatives could be selected and considerable cost savings
3could result. Ideally, site specific estimates o f  anticipated swell pressures as a function o f  
depth can be made, and the m ost suitable depth o f  subgrade m odification can be calculated  
to  prevent damaging levels o f  soil heave under the known slab and footing loads (R ude and 
Amini, 1989). This estimate will usually involve specialized sampling, testing, and analysis 
and generally is not cost effective for light structures. H ence, a m ore cost effective m eans o f  
obtaining an estimate o f  the active zone depth for lightly loaded structures is needed. A  
testing m ethodology suited to the high pace, lower budget o f  light urban construction was 
developed in this work.
It is the purpose o f  this research to  be a feasibility study for using the m ethodology  
in further research to estimate the depth o f  the active zone for areas with conditions similar 
to St. Louis. It was the aim o f  the project to  develop a m ethod in which the m ajority o f  tests  
and testing equipment utilized would be familiar to geotechnical testing firms in the St. Louis
area.
4II. LIT ER A TU R E REVIEW
A. M ECHANISM  OF SWELLING IN CLAY SOIL
Sw elling in soil is due to the presence o f  expansive clay minerals. The three clay 
minerals m ost commonly encountered in nature are kaolinite, illite, and montmorillonite 
belonging to the smectite family. Each o f  these clay minerals has a potential for volume 
change upon the addition or removal o f  water. Basically, all three minerals are com posed o f  
sheets o f  silicate tetrahedrons combined with sheets o f  either aluminum or magnesium  
octahedrons. Kaolinite is a tw o layer crystal mineral whereby illite and montmorillonite are 
three layer crystal particles. The different atomic forces holding the crystal layers together 
affect the sizes o f  the particles for each clay mineral. Kaolinite particles are held together by 
strong hydrogen bonds and secondary valences forces (e.g. van der Waals forces). Therefore 
kaolinite particles are relatively large compared to illite and montmorillonite. The principal 
difference between illite and montmorillonite is that illite layers are held together by strong 
potassium bonds and secondary valences forces while montmorillonite is held together only 
by the relatively weak secondary valence forces. Table I gives physical properties o f  the three 
clay minerals.
Clay particles have net negative charges. The source o f  the negative charge arises 
from isomorphous substitution o f  atoms in the basic mineral sheets and from broken bonds 
in the atomic structure on the boundary o f  the clay particles. The more isomorphic 
substitutions that occurred during formation o f  the clay soil, the more negative charge 
imbalance resulted per particle. O f the three common minerals, the highest degree o f  
isomorphic substitution occurs during formation o f  montmorillonite, follow ed by that which
T ab le I Physical attributes o f  different clay minerals.






Thick, stiff 6-sided flakes 
0.1 to  4 x  0.05 to  2 pm
Strong Hydrogen  
bonds
1 0 - 2 0 3 - 1 5
Illite
Thin, stacked plates 
0.003 to  0.1 x 1.0 to  10 
pm
Strong Potassium  
bonds
65 - 100 1 0 - 4 0
M ontmorillonite
Thin, filmy flakes 
> 10 A x 1.0 to 10 pm
Very weak van der 
Waals bonds
700 - 840 8 0 - 1 5 0
From pg. 13, Nelson and Miller (1992).
1. From pg. 45, Nelson and Miller (1992).
6occurs during formation o f  illite, w ith the formation o f  kaolinite experiencing the least 
isom orphic substitutions. This can be seen in Table I from the relative values o f  cation  
exchange capacity (CEC). The higher the charge imbalance on a clay particle, the m ore 
cations it takes to balance the charge. The exchange capacity is greatly affected  by particle 
surface area. On the surface o f  the clay mineral sheets are sites for exchangeable cations that 
balance the negative charge. Intuitively, the more surface area o f  particle per unit volum e o f  
so il, the m ore sites there are for exchangeable cations. Since surface area is inversely  
proportional to particle size, clays w ith smaller particles have higher CEC’s (Table I). W hen  
water becomes available to clay particles, the exchangeable cations are hydrated by the water  
because o f  the dipolar nature o f  the water molecule. Sodium ions hydrate to  seven tim es their 
unhydrated size (Lambe and Whitman, 1969). This size is to o  large for ions to  maintain the  
same location as in the unhydrated state. Hydrated cations then m ove aw ay from the surface 
o f  the clay particles to  satisfy equilibrium o f  attractive forces and repulsive forces. The 
charge imbalance attracts the hydrated cations and the ion concentration gradient betw een the 
particle surface and the free pore water repels them. Therefore, water is indirectly attracted 
to  clay particles in this manner by being attracted to the cations that are attracted to the clay  
particles. However, water is also directly attracted to the surface o f  the clay particles by the  
force between the polar water m olecules and stray electron charges on  the clay mineral, 
hydrogen bonding, and van der W aals forces (Lambe and Whitman, 1969). Thus layers o f  
water molecules hydrated onto the mineral surface o f  the clay particles and the exchangeable  
cations form  the diffuse double layer. The boundary o f  the double layer is defined as the  
distance out from the surface o f  the clay particle when the concentration o f  cations becom es
7equal to that o f  the pore water. This thickness o f  diffuse double layer is required to  neutralize 
the negative charge on  the clay mineral particle.
Sw elling pressures result as double layers grow  and overlap and clay  particles start 
to  repel on e  another. Particles w ith higher negative charges and smaller particles (higher  
specific surface area) will be the m ost expansive. These properties g iv e  sm ectites  
(montmorillonite) the swelling abilities they posses. The w eak  inter-layer forces com pound  
the problem by not only being the reason for small particles, but also allow ing w ater to  force  
apart layers. It is this reason that the structure o f  m ontm orillonite has been described as an 
expanding crystal lattice (Marshall and H olm es 1988).
F o llo w in g  m ontm orillonite, illite is the m ost expansive clay mineral w ith smaller 
particles and slightly higher CEC than kaolinite. Illite has m oderate swelling capabilities, and 
kaolinite is often  described as possessing little or no expansive properties.
B. FA C TO R S A FFEC TIN G  SW ELLIN G  IN  CLA Y  SOILS
There are several factors that can effect the relative degree o f  sw elling a particular soil 
w ill express. In this section, several o f  the factors that are considered to  be the m ost 
significant w hen dealing w ith expansive so ils in the St. L ouis area are discussed.
1. Soil Index Properties Soil index properties are g o o d  indicators o f  sw elling  
potential. Generally, soils containing expansive minerals such as m ontm orillonite, w ill exhibit 
high plasticity index values, low  shrinkage limit values, and high activities. T he relative values  
o f  soil index properties for the three com m on clay minerals are g iven in Table II. E ven small 
amounts o f  sw elling clay minerals in a g iven  non-expansive soil matrix w ill have a dramatic 
effect on the soil’s index properties. This w ill be particularly true for activity due to  the high  
ratio o f  P.I. to  percent clay size o f  the particular soil. This is the case
8Table II Index properties o f  clay minerals.
Mineral Group L.L.1 P.L.1 S.L.1 Activity
Kaolinites 30 - 1 0 0 2 5 - 4 0 2 5 - 2 9 0.38
Illites 60 - 1 2 0 3 5 - 6 0 1 5 - 1 7 0.9
Montmorillonites 100 - 900 5 0 - 1 0 0 8 . 5 - 1 5 7.2
From pg. 13 Nelson and Miller (1992).
1. Liquid Limit, Plastic Limit, Shrinkage Limit respectively.
for some St. Louis area soils which have been weathered from shale containing highly plastic 
clay minerals but contain high percentages o f  loess deposited by winds following the last ice 
age. These soils will be high in silt content (non-expansive) but will contain expansive clay 
minerals from the shale and will have a relatively high P.I. with respect to percent o f  clay 
sized particles.
2, Initial Soil Suction. Soil suction is the negative pressure that exists in the 
interstices o f  a soil and can be expressed as an equivalent negative head o f  water. This 
negative pressure is due to the affinity for water o f  soil. Soil suction has two components; 
matrix and osmotic. Matrix suction is due to the attraction o f  water molecules to cations on 
surfaces o f  clay mineral particles and to the clay mineral particle surface itself (Section II. A). 
Osmotic soil suction is due to the differences in the concentration o f  salts in the pore water 
within and outside a soil mass. Water with a higher salinity essentially will draw in water with 
a lower salinity. The magnitude o f  soil suction is then an expression o f  the relative deficiency 
o f  water with respect to satisfying the mechanisms responsible for the affinity o f  water and
9so il. Soils w ith the highest expansion potential have to  be at som e degree o f  m oisture  
deficiency. L ess moisture deficiency is required for more highly expansive soils than for less  
expansive soils for a given amount o f  swelling. A s a soil mass dries, its saturation decreases  
and suction increases. This is due to  ions near the surface o f  the clay particles dehydrating 
leaving particle charges unbalanced and/or the concentration o f  salt within the remaining 
water in the soil increasing. Therefore the potential for water to  f lo w  into the soil increases. 
M oisture content, which is the typical measure o f  the relative amount o f  water in a soil m ass, 
does not represent the degree o f  water deficiency. Regardless o f  the water content o f  a soil, 
a high in-situ suction will indicate a moisture deficiency. In swelling soils, dissipation o f  this 
suction by an increase in water content will be accompanied by a change in volum e o f  the soil 
as effective confining pressure decreases (due to release o f  internal stress) and double layers 
expand around the clay particles. L ow  (1987) has found that water layers o f  approxim ately  
100 A are needed to satisfy particle surface hydration forces. For soil containing low  activity  
minerals, such as a pure kaolinite, this would correspond to a water content o f  15 percent. 
For a high activity mineral, such as a pure bentonite (sodium  m ontm orillonite), this w ou ld  
correspond to  a water content o f  800  percent. This great difference is due primarily to  the  
difference in size o f  particles betw een the tw o  clay minerals.
3. Dry Unit W eight and Soil Structure. It has been found that soils com pacted on  the  
dry side o f  their optim um  m oisture content tend to  exhibit more sw ell than so ils  com pacted  
on the w et side o f  optimum. Soils com pacted on the dry side o f  optim um  are at a m oisture  
deficiency and therefore exhibit higher negative pore water pressures. On this prem ise alone, 
soil will tend to  imbibe m ore water and hence sw ell more. H ow ever, this phenom enon has 
been attributed to more than just the fact that soils com pacted on the dry side o f  optim um  are
10
at a moisture deficit. The difference in swelling behavior between soils com pacted on the dry 
side versus the wet side o f  optimum moisture content has also been attributed to  the structure 
o f  the soil particles (Seed and Chan, 1959). Soils compacted on the dry side o f  optimum have 
a random or flocculated soil structure and soils compacted on the w et side o f  optimum have 
a parallel or dispersed soil structure. The random structure o f  dry side com pacted clays 
exhibits more edge-to-face arrangements o f  soil particles. This type o f  soil structure is more 
eflBcient in transferring the volume change o f  swelling double layers into a volum e change o f  
the soil mass than will the face-to-face arrangement o f  w et side compacted soil. Conversely, 
soils compacted on the wet side o f  optimum tend to shrink more than soils com pacted on the 
dry side (Seed and Chan, 1959). However, it appears from research conducted by Seed and 
Chan (1959) that the differences in soil structure have very little effect in shrinkage behavior. 
W et side compacted soils therefore probably shrink more due primarily to the fact that they 
contain more water than dry side compacted soils.
4, Climate and Active Zone Depth. Climate is perhaps the most important factor, 
other than clay mineralogy, affecting the severity o f  swelling in expansive clay soils. Semiarid 
clim ates generally will have more severe events o f  swelling than will other climates due to 
significant and discrete annual w et seasons (N elson and Miller, 1992).
Climate will affect the degree o f  weathering o f  clay soils. Generally, soils will weather 
from active clay minerals, i.e. smectites, to less active minerals, i.e. illites or kaolinites. W et 
climate and good drainage favors formation o f  kaolinite because cations can be rem oved and 
iron oxidized in such an environment. A  dry climate will ensure that cations are not leached. 
This is generally why there is more highly expansive soils in drier climates, such as Texas, 
Colorado, North and South Dakota, Montana, etc.. However, the parent material and climate
11
during form ation o f  the clay are also key factors that determ ine th e  type o f  clay m ineral 
formed. A  residual soil from basalt or a shale will typically be a highly p lastic clay (sm ectitie). 
T h e p resen ce  o f  potassium  is tantam ount in form ation o f  Illite. H en ce, acidic ig n eo u s  
(granite) or m etam orphic rocks are usually the parent material. Illite is also form ed w h en  
degraded m ica takes up potassium  during sedim entation in sea w ater (Arnold, 1979).
Certain climatic indexes have been developed by researchers such  as the T hornthw aite  
M oistu re  Index (T M I) (Thornthwaite, 1948) and Climatic rating (C w) by the B uild ing  
R esearch  A dvisory Board (B R A B , 1968). These climatic indices rate the clim ate o f  a 
particular geographic region w ith  respect to  relative am ounts o f  rainfall and  
evapotranspiration that occur in the region. M aps o f  isobars o f  clim atic rating values have  
been developed  for the U nited States. These m aps can be used to  g ive  an indication o f  the  
depth o f  seasonal m oisture variation or the active zone depth for a particular expansive soil 
site. Recall from Section I that these tw o  depths have been  defined separately due primarily 
to  clim atic changes in the environment o f  the expansive soil. B ecau se  o f  relatively short 
changes in clim ate caused by droughts or floods, a certain geographic area’s clim atic rating 
will change with tim e but will average at a fairly constant value. H en ce, values o f  a clim atic  
rating in normal weather will reflect the depth o f  seasonal m oisture change and values during 
un-norm al w eather w ill indicate the active zone depth. The slow er a soils reaction to  the  
clim ate (i.e. lo w  hydraulic conductivity) and the longer the duration o f  the clim atic change, 
the greater the potential for a significant difference to  exist betw een  the depth o f  seasonal 
m oisture change and the active z o n e  depth. This relationship b etw een  seasonal m oisture  
variation, and active zon e  depth is especially true for deep water tables and/or arid or sem i- 
arid climates. Russam and Coleman (1961), have determined that for dry clim ates (T M I less
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than minus 50), a water level maintained 25 feet (7 .6  meters) or less from the surface will 
dominate a moisture profile (and hence the active zone depth). Russam and Coleman (1961) 
found that wet climates (TMI greater than 30) will tend to have shallow water tables that do 
not fluctuate much throughout the year. Generally, for clayey soils, soil suction will be in 
equilibrium with a water table within 20 feet (6 meters) o f  the ground surface (Peter, 1979). 
Figure 1 is a general representation summarizing the discussion above.
Cyclic heave o f  the perimeter o f  buildings with concrete slab and footing foundations 
is generally due to seasonal wet and dry periods. Long term, deep seated heave under the 
center o f  the slab will occur as water accumulates due to  prolonged cutoff o f  evaporation. 
For shallow water tables (i.e. less that 6 meters) the long term moisture condition under the 
slab will be in some sort o f  equilibrium with the water table; there is still som e debate over 
the exact long term condition. Drier climates, deeper water tables/active zone depths, will 
take more time to establish an equilibrium condition beneath a slab than will wetter climates 
and shallow water tables/active zone depths.
St. Louis has a TMI value o f  approximately 35 since St. Louis lies on the northeast 
flank o f  the Ozark Mountains o f  central and southern Missouri. The Ozark Mountain geology  
consists o f  very steep to gentle hills less than 2000 feet (600 meters) in elevation. Bedrock  
typically is 30 feet (9  meters) or less below the surface. However, the Ozark Mountain 
geology is karst, and bedrock is often weathered to form solution cavities and deep crevasses. 
In some cases bedrock might be 50 feet (15 meters) or more deep. Due to the interconnected 
solution cavities and weathered joints, the ground water level in these areas is typically right
above bedrock.
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F ig u re  1 A ctive  zon e depth and soil suction profiles for a shallow  and deep w ater
table.
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5. Drainage. Irrigation, and Vegetation. Site design, landscaping, layout, etc. is very 
important w hen dealing with expansive soils. Common sense exercised w hen doing a site 
design involving expansive soils will alleviate problems in the future. Areas o f  poor drainage 
that hold or pond water during w et periods are a ready and plentiful supply o f  w ater to  seep  
dow n and cause swelling o f  the clay soils beneath. Grades should be set to  a llow  water to  
drain away from  structures and pavements. A  sound geotechnical investigation including a 
site visit should be conducted prior to any design work. Som e research has indicated that 
building houses on a natural slope underlain by an active clay, has a tendency to  cause heaving 
o f  the up-slope walls and/or settlement o f  the downslope walls (Schmertmann and Crapps, 
1980). Slopes as gradual as 2% have caused at least as much dow n slope tilt o f  the hom e 
with an observed increase in tilt w ith increase in natural slope steepness. One hypothesis for 
the occurrence involved the interruption o f  natural subsurface and surface drainage by the up- 
slope footings and exterior o f  the homes and fill placed on the dow n-slope side o f  the homes.
Broken or leaky water pipes and outside water faucets can also be significant sources 
o f  water. These sources will typically be responsible for deeper seated heave due to their 
potential o f  being unnoticed or unrepaired for prolonged periods o f  time. Irrigation o f  trees, 
shrubs, etc. around buildings can also cause swelling o f  expansive soils. For developed sites 
in southern California, the depth o f  moisture increase due to  irrigation w as found to  be 6 to  
10 feet (2 to 3.5 meters) (Sikh, 1994). Brandon et al. (1990) reported that surface irrigation 
can produce up to  70 in. (178  cm ) o f  equivalent rainfall.
Trees and shrubs can also potentially cause problems for sites with expansive soils by 
drawing in moisture from underneath homes. The best alternative is to plant (or rem ove) 
vegetation a distance o f  5 feet from the building perimeter (H oltz and Hart, 1978). For trees,
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tw o  rules o f  thumb have been used. Plant the tree from the house, greater than the distance 
o f  the tree’s limbs at maturity. The other rule is to  plant the tree a distance from  the house  
at least equal to  the expected mature tree height.
6. Stress History and Loading. Soil that has not, in the past, felt a greater stress than 
the stress being felt by the soil at a given tim e is normally consolidated soil. Soil that has 
experienced a greater stress in its past than at a  given time is overconsolidated. For the sam e  
soil at the same void ratio, the soil will sw ell more in an overconsolidated state than in a 
normally consolidated state (M itchell, 1993). H ow ever this fact might be m ore o f  an effect 
than a cause. Expansive soils are typically overconsolidated due to  high pore w ater suction. 
C onsider a field site before construction o f  som e facility or dwelling. A lthough the total 
stress might have been relatively constant in the past, the effective stress has been  changing 
with changes in soil suction. Therefore the years o f  wetting and drying have, in effect, applied 
cyclical shrinking and swelling o f  the soil near the surface. The internal effective stresses felt 
by the soil due to  suction from capillary forces during shrinkage can be responsible for 
significant overconsolidation.
The applied stress due to  overburden or structural loading can reduce the relative 
amount o f  heaving an expansive soil will experience for a particular initial m oisture condition  
and dry density. Several research papers have defined the reduction o f  swell w ith  applied load  
using various equations (Mitchell 1979, McKeen 1992). Research has shown that an increase 
in mean normal stress ( a  .J 1 will reduce volum etric swell (Dakshanamurthy, 1979). It w as  
shown that for a given soil, this relationship was practically independent o f  stress ratio, Oj/Oj.
° m =  (cr1+ a 2+ a 3)/3i
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7. Soil Profile. Highly plastic soils are more likely to swell when found nearer to the 
ground surface as opposed to lower in the soil profile. Therefore the worst possible case is 
to have potentially expansive soils near the surface and extending below the active zone 
depth. In dryer climates, this will be more pronounced as water can infiltrate deeper due to  
shrinkage cracks at and near the surface. When there are stratified soil profiles o f  highly 
plastic soils and non-expansive soil, magnitudes o f  heave will depend on the distance between  
the expansive soil layer and the surface and the relative permeability o f  the layers.
Unique geologic conditions can sometimes be responsible for severe heaving o f  
expansive soils. Thompson and McKeen (1995) found deep seated heave occurring beneath 
a residential subdivision near the Front Range o f  the Rocky Mountains in Denver Colorado. 
The deep seated heave was due to tilted beds o f  highly fractured expansive clay stone allowing 
water from the irrigation o f  lawns to drain deep into the claystone and cause swelling.
C. ORIGINS OF SWELLING SOILS IN  ST. LOUIS AREA
Figure 2 is Region 7 and 8 o f  the Federal Highway Administration’s distribution map 
(FHWA, 1979) o f  potentially expansive materials in the United States. From this map it is 
seen that Missouri contains limited areas o f  expansive materials. There are tw o zones o f  
expansive material near the St. Louis area o f  Missouri. The location o f  these zones is due to 
the presence o f  the M aquoketa shale in these areas (FHWA, 1979). R eview  o f  the Soil 
Conservation Service report on St. Louis County and St. Louis City reveals tw o  distinct 
locations o f  soils rated high or very high in potential shrink-swell characteristics. One lies 
along the south end o f  the county (especially southwest com er) and the other is in parts o f  
the Missouri and Mississippi river bottoms bordering St. Louis county on the north and east. 
The location o f  the former area corresponds well to the location o f  the strip o f  low  expansive
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Figure 2 Distribution o f  potentially expansive materials in the United States; 
FHWA Regions 7 and 8.
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material from the FHWA map. The soil groups o f  this area either contain montmorillonite 
or are very fine grained (SCS, 1970). This suggests that these soils are derived from the 
Maquoketa shale. The latter area contains alluvial deposits o f  sands, gravels, silts, clays and 
sand and/or gravel with clay lenses. These river bottom clays also contain montmorillonite 
and organics (SCS, 1970). Organics are prone to  shrinking problems during drying.
Generally, upland areas o f  St. Louis county consist mainly o f  thick layers (20 - 30 
feet) o f  loess deposited over clay rich soil which lies above mostly Pennsylvanian age clay- 
shales and extensively weathered Mississippian age limestone. In local areas the loess is thin 
(1 - 1 '/2  feet) and highly plastic clays are near the surface (4-6 feet) and can pose potential 
shrink swell problems (SCS, 1970).
The St. Louis area is known for production o f  refractory clay from the Cheltenham 
clay formation. In the St. Louis district, the Cheltenham formation is 5 to 8 feet thick in most 
areas, but has been documented to be 25 feet thick by Allen (1937), and lies over a sandstone 
basal conglomerate, the Graydon, deposited in Mississippian Limestone (Branson, 1944). 
This corresponds well with (Il-a) and (Il-b) soils from the SCS (1970) report which are 
widespread across St. Louis county and lie over Mississippian age limestone. The 
Cheltenham contains plastic clays, flint clays, and burley clays (Unklesbay and Vineyard, 
1992). The Cheltenham formation is classified with the Atokian series o f  the lower 
Pennsylvanian and is Cherokee in age (Branson, 1944). The Atokian series is also mentioned 
as a potential source o f  swelling shale specifically for areas o f  the south flank o f  the Ozark 
M ountains and the north flank o f  the Ouachita Mountains (FHWA, 1979). This clay is 
primarily a fine grained kaolinite with minor amounts o f  illite or bravaisite (Branson, 1944). 
I f  encountered in the field, the Cheltenham clay could be a likely candidate for swelling
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problems because kaolinites can be responsible for swelling in soils i f  the particles are 
extremely fine.
Missouri is not particularly known for its expansive soil problems. The state is located  
in an area o f  humid climate and does not contain abundant amounts o f  near surface materials 
classified as being severely or even moderately expansive by any national standards. 
However, this does not preclude the need for expansive soil research for the state. Even  
though the materials have been classified nationally by the Federal H ighway Administration 
as low  expansive potential, they can still pose a threat to lightweight construction, such as 
residential or small business buildings. This is especially true during periods o f  climatic 
extreme which can and do occur in the area. Further localized deposits o f  highly expansive 
clays have been identified in the region.
D. EXISTING  M ETHODS OF ESTIM ATING  FIELD HEAVE
There are several methods that have been developed to quantify heave or potential 




Each o f these categories will be commented on in brief.
1. Empirical Tests. The swell potential for expansive soils can be estimated by 
several empirical tests that usually measure the potential amount o f  volum e change or heave 
the particular soil may undergo. The more common ones are the free sw ell test, the potential 
volume change test (PVC), the expansion index test, the California bearing ratio test (CBR), 
and the coefficient o f  linear extensibility test (COLE). O f these five tests, only tw o  involve
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direct measurement o f  heave or volume change o f  soil in a natural or compacted state; the 
COLE test and the CBR test. The CBR test involves compacting a soil sample into a 6 inch 
diameter mold, similar to a proctor mold. The soil is then inundated and vertical swell is 
measured after four days o f  soaking.
In the COLE test, the linear strain is determined by measuring the change in unit 
weight o f a soil sample as it is dried from an initial suction value o f  33 kPa to oven dry.
Several researchers have developed equations that relate soil index properties to 
percent swell or swell pressure. Johnson and Snethen (1979) developed the following 
equation.
Where: Sp = percent free swell
wL = liquid limit in percent 
w N = natural water content
The percent swell can be adjusted for overburden using the following equation obtained by 
B ow les (1996) from interpretation o f  percent swell versus confining pressure curves by 
G ogoll (1970).
log Sp = 0.0367wL -  0.0833wN + 0.458 Equation (1)
Equation (2)
Where: S 'p = percent swell under confining pressue o v 
Sp = percent swell under no confining pressure
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A  = 0 .0735 SI units (kPa) and 0.52 for Fps units (ksf)
Komomik and David (1969) developed the following equation relating the swelling pressure 
o f  a  soil to  its liquid limit, dry mass density, and natural water content.
logP , = 2.132 + 0 .0208 (wl ) + 0.665(?d) -  0 .0269(wn) Equation (3)
Where: P8 = the swelling pressure (kg/cm2)
w L, w n =  liquid limit and natural water content (in percent) 
pd = dry mass density (g/cc)
2, Pedometer Tests. Oedometer tests are the oldest and m ost common swell tests. 
There are two main types o f  oedometer tests; constant pressure and constant volum e. In 
these tests, soil samples are first trimmed into a confining ring that limits lateral expansion. 
Then they are placed into a oedomenter (consolidometer) and are inundated thereby 
ultimately reducing suction o f  the samples effectively to zero. In the constant pressure test, 
the samples are allowed to swell under a constant surcharge pressure. This pressure might 
be a light seating load or an estimate o f  overburden and structural loads. In the constant 
volume test, vertical pressure is increased as necessary to maintain zero measured sw ell as the 
soil sample imbibes water. For the constant pressure tests, the sample is consolidated after 
swelling stops. The change in void ratio between the initial void ratio o f  the sample and the 
intersection o f  the estimated final effective stress (in the field) with the saturation 
consolidation curve is the anticipated swell. In the constant volume test, the sample is then 
consolidated and unloaded to determine its saturated rebound slope. This saturated rebound
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slope is then used to calculate future heave. This is performed by using the equation given 
below (Fredlund and Rahardjo, 1993 or Nelson and Miller, 1992).




Where: Ae = change in void ratio
C, = slope o f  void ratio versus log vertical stress curve during unloading stage o f  
a constant volume oedometer test. 
c f' = final effective stress state. 
a 0 = corrected swelling pressure.
Therefore oedometer tests quantify heave with respect to a change in effective stress and a 
consolidation curve for saturated conditions. Oedometer tests are limited but have been 
satisfactory in estimating field heave as long as the samples are not disturbed and represent 
the in situ soil mass. However, oedometer tests involve inundation o f  the samples which can 
significantly reduce the swelling potential o f the soil samples. When a soil sample is 
inundated, both ends o f the soil sample are allowed access to water. A high suction gradient 
exists at each soil water interface which pulls in water rapidly. This creates a nearly saturated 
zone near each surface o f  the soil sample where the soil suction is dramatically decreased. 
It is difficult for water to enter the soil sample because of the ever decreasing soil suction at 
the ends o f  the samples. Water that migrates from the near saturated zones into the sample 
will have difficulty displacing entrapped air (Gnuse and Poor, 1974).
3, Soil Suction Tests. A  relatively new school o f  thought centers on quantifying 
heave with respect to a change in suction. Generally this is thought to be more accurate
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because swell occurs in the unsaturated zone as the total suction o f  the soil is reduced. 
Therefore most research has centered on developing soil suction indexes relating volumetric 
change to  change in suction.
Johnson and Snethen (1979) perhaps have developed the m ost well know n o f  the 
earlier methods to  calculate heave based on soil suction. This method w as developed at the 
U .S. Army Corps o f  Engineers Waterways Experiment Station (W ES) and is therefore also 
known as the W ES method. The suction index, CT, used in the W ES method, is the slope o f  
the void ratio versus log o f  matrix suction curve. The following equation is used to  calculate 
heave and is similar to the equation used to calculate consolidation settlement.
where: AH = heave (m)
H  = swelling layer thickness (m)
CT = suction index (% /log kPa) 
e0 = initial void ratio
xm0° =  initial matrix soil suction without confining pressure except atmospheric 
pressure at initial moisture content (kPa)
xmf° =  final matrix soil suction without confining pressure except atmospheric
Cr
AH = H------1 -  log Equation (5)
pressure at final moisture content (kPa)
The suction index, CT, is calculated using the following equation.
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aG
C = ------- Equation (6)
x 1005
where: a  = compressibility factor, slope yw / yd versus water content curve for soil 
G, = specific gravity o f  soil
B = slope o f  the log matrix suction versus water content curve 
a , can also be determined by the empirical equations given by Equations (7, 8, and 9) (Croney 
et al., 1958; Russam, 1965).
a  = 0 PI < 5 Equation (7)
a = 0.0275P7 -  0.125 5 < PI <l 40 Equation (8)
a = 1 PI > 40 Equation (9)
The initial matrix soil suction, x ^ 0, can be found by direct measurement, or by measuring the 
water content o f  the soil and cross referencing a soil suction versus water content curve for 
the soil. The final matrix soil suction, x^0, can be assumed, or calculated using the following 
equation (Croney et al., 1958):
Xmf ao°f uwf Equation (10)
where: aa = load factor
o f = final total mean normal stress (kPa)
u„f = final equilibrium pore water pressure (kPa)
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The load factor, a c, and compressibility factor, a ,  are assumed to be equal. Through simple 
phase relationships, it can be seen that for a soil to have an a  o f  1, volum e change would  
equal the volum e o f  water added.
M cK een (1992) developed a similar procedure using a relationship betw een the 
volumetric strain and suction o f  a soil “clod”.
A H = ChAhAtfs Equation (11)
where: AH =  heave (ft)
Ch = suction compression index, slope o f  volumetric strain versus log  o f  total 
suction curve (%/pF)
Ah = change in suction (pF)
At = thickness o f  layer undergoing change in suction (ft) 
f  =  lateral restraint factor 
s =  coefficient o f  load effect on heave






where: K0 = coefficient o f  lateral earth pressure
M cKeen uses the following equation to calculate the effect o f  overburden on heave.
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s = \ - 0.01(%SP) for %SP < 50 Equation (13)
where: %SP = percent o f  swell pressure applied to soil
E. EXISTING METHODS OF ESTIMATING ACTIVE ZONE DEPTH
The one way to directly determine the active zone depth is with a moisture profile. 
This profile can be o f  moisture content, soil suction, or a ratio o f  water content to plasticity 
index as a function o f  depth. A  soil suction profile is probably the best o f  the three 
parameters just listed. However, soil suction is presently more difficult and costly to obtain 
than the other two parameters. With the growing popularity o f ASTM  5298-94, the filter 
paper method o f determining soil suction, this will most likely change in the near future. For 
most areas prone to severe swelling soils, general estimates will usually exist for the active 
zone depth based on previous geotechnical exploration in the area. However, for areas o f  
lesser severity in swelling soils, an estimate o f  this depth might be harder to find. This fact 
could be due to both more difficulty in interpreting the moisture profile or relatively less need 
for its measurement. Further, localized deposits and environmental conditions would require 
a site specific estimate o f  this depth.
P.W. Mitchell (1979) developed a one dimensional diffusion equation defining the 
space and time distribution o f  soil suction u:
d2u + f(x,t) _ 1 du 
dx2 p a dt
Equation (14)
Where: a  = the diffusion coefficient (cm2/s)
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u = total suction (pF) 
t =  time (sec) 
x = distance (cm)
p = unsaturated permeability (cm2/s)
/(x ,t )  = rate per unit volume moisture source (cc/s/cc)
This equation was developed from an equation by Laliberte and Corey (1967) for the rate o f  
moisture flow through an unsaturated soil. Mitchell solved this second order, nonlinear, 
partial differential equation (Equation 14) for u to obtain a space-time equation o f  soil suction 
for a soil exposed to a sinusoidal variation o f  suction approximating seasonal soil moisture 
conditions.
where: Ue = equilibrium total suction at depth (pF)
U 0 = amplitude o f  total suction variation at surface (pF) 
a  = diffusion coefficient 
n =  frequency number 
t =  time variable (days) 
y = depth (cm)
NOTE: The units o f  a  must agree with the units o f  t and y.
M cKeen and Johnson (1990) varied the coefficients used in Mitchell’s equation to  obtain 
values for the diffusion coefficient that corresponded to suction versus time and depth data 
at various sites used in previous research by McKeen (1981, 1985). By doing so, McKeen
Equation (15)
28
and Johnson (1990) proposed use of an empirical Equation (16) for determining the diffusion 
coefficient, a.
where: b0 = 0.010134
bi = 0.000002
b2 = 0.05468 
b3 = -0.03509
TI = Thornthwaite Moisture Index
dh/dw = slope o f suction versus water content
SCI = Suction Compression Index (Ch from Equation (11))
The values b1} b2, and b3 are regression coefficients. Using Equation (16), values for soil 
suction can be calculated for any depth below the free field ground surface at any time, t 
(Figure 3).
Swelling is caused by an increase in moisture content and hence a reduction in soil 
suction occurs. Greater reductions o f  soil suction that occur due to wetting will result in 
more swelling. The amount o f soil suction change A u ^  that corresponds to a specific value 
o f  tolerable heave will be the allowable change in suction for that particular soil profile. The 
active zone can now be quantified as that depth of soil below which the change in suction will 
be less than Aumax. A value o f A u ^  can be used to determine the active zone depth, z, by 
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F igure 3 Examples o f  calculated suction variation: (a) Calculated suction variation 
with depth; (b) Calculated suction variation with time. Reproduced from  
M cKeen and Johnson, 1990; Fig. 2, pg. 1077, Journal o f Geotechnical 
Engineering, V ol. 116, No. 7, July, 1990 © ASCE. Permission for use  
granted by ASCE.
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done by McKeen and Johnson (1990) when they derived the following equations from 
Mitchell’s original Equation (15).
u r-p)^ ]
u(y) = Ue ± ~ f e * Equation (17)
Note: All variables as previously defined.
Equation (17) gives the maximum and minimum suction at depth y. By solving for the depth 
z, corresponding to a given maximum and minimum suction, McKeen and Johnson (1990) 
obtained Equation (18).
z  = Equation (18)
With Equation (18), the active zone depth can be calculated based on climatic variables n and 
U0 and soil parameters a  and maximum suction change variable A u ^ . The variables n and 
a  can be obtained from empirical design tables and equations (Tables III and IV  reproduced 
from McKeen and Johnson, 1990). The soil suction amplitude at the surface U 0 can be 
assumed constant due to its low variability. Wray (1987) suggested that suction at the surface 
will range from 2 to 6 pF. Field data by McKeen and Johnson (1990) found good  agreement 
with this range o f  surface soil suction. The allowable soil suction change at a given depth, 
or A u ^ , is the only undetermined variable necessary to solve for the active zone depth.
Currently there is no rational method o f  determining A u,^  if  som e sort o f  site 
stabilization or re-grading is deemed necessary before the structure can be founded on the
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Table HI Guide to  values for climate frequency.
Frequency, n Cycle Length Potential active
(cycles/yr) (yr) (month) zone depth
(1) (2) (3) (4)
< 0.5 * 4 .0 ;> 48.0 Design case
0.5 2.0 24.0 Deep
0.75 1.33 16.0 M oderate
1.00 1.0 12.0 Shallow
* 1.25 < 0.8 < 9.6 Unstable climate
After McKeen and Johnson (1990)
expansive soil. The appropriate value o f  A u ^  depends on the swelling properties o f  the soil, 
the sensitivity to  heave o f  the structure being founded in or on the expansive soil, and the type 
o f  foundation subgrade system to be used.
M cKeen and Johnson (1990) suggested solving for A u,^  from Equation (11 ), without 
u se  o f  f  and s and using an estimated allowable percent volum e change. For an assumed 
suction compression index (C J  o f  0.1, Aumax o f  0.1, 0.2, and 0 .4  pF corresponds to volum e 
changes o f  1, 2, and 4 percent respectively. The value o f  Aumax should then be dependant 
upon McKeen’s suction compression index (Equation 11), or any similar suction versus swell 
index. I f  the allowable amount o f  heave is known, then a corresponding limiting value o f  
suction change can be determined using Equation (11) i f  the other properties are known. 
O nly the thickness o f  the expansive layer, t, is unknown. H ow ever, Equation (11) w as 
intended to calculate heave from the surface down to  the full active zone depth. The active
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Gallup 2 
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(4 .3 ) 0 .00025
Jackson
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Amarillo
T X -55 .9  (-22) -0 .0920 0.030 1.20
1,235




-40 .6  (-16) -0 .0720 0.135 — 6 1 9 (3 .8 ) 0 .00143
After McKeen and Johnson (1990)
33
zone depth was determined directly using a measured vertical soil suction profile, where the 
suction change is assumed to be zero. A u ^  is an allowable change o f  suction at som e depth 
(effectively to  becom e the active zone depth) with respect to  determining the depth o f  a 
modified or re-graded subgrade scheme for the foundation o f  a structure to bear upon or 
within. A u ^  is used assuming the soil above its depth will be replaced or stabilized (i.e. not 
contributing to expansion). The only soil left contributing to heave will lie below  the depth 
at which A u ^  exists. Therefore there is an inconsistency when using Equation (1 1 ) to solve 
for A u ^  at a site where there will be a structure. This inconsistency arises when a value for 
t, in Equation (11), is needed. The suction profile will already need to  be known so that the 
depth to essentially zero change in suction can be located. Equation 11 can then be used in 
the region between this depth and the depth o f  A u ^ . H owever, at first, the depth o f  Aumax 
is unknown. Therefore, an iterative solution is needed to either determine Aumax or its depth.
The use o f  the above relationships for design o f  shallow foundations on expansive soil 
is only correct if  placement o f  a structure does not change the environment o f  the soil beneath 
a structure. However, it is well known that this is not the case. A  structure can increase the 
active zone depth beneath a structure. This occurs when the moisture increases due to the 
cutting o ff  evaporation, irrigation o f  lawns, and/or other causes, and reaches a depth below  
the current active zone depth. If the increase in moisture content surpasses the free field w et 
season value for moisture content or suction, additional heave could result beyond that which 
w ould  be calculated using Equations (17) and (18) with Equation (11). H ow ever, this 
depends on the soil’s reaction at this depth to  a moisture increase beyond this w et season  
amount. The actual resulting moisture profile beneath a structure at equilibrium is not clearly
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known. Lytton (1977) developed an iterative method o f  determining a soil suction envelope 
based upon static equilibrium conditions. This method involved knowing a moisture flux and 
an equilibrium suction and its depth for a given soil profile. There are also several different 
generalized assumed soil suction profiles that can be used and are up to the discretion o f  the 
designer. The Army Corps o f  Engineer’s (COE) Technical Manual 5 - 818-7  (1983) 
describes four possible choices. H owever, the soil suction profile for a given site at any 
given time will theoretically be somewhere between the lower and upper bounds as 
determined by Equation (17). A u ^  is the entire theoretical change in soil suction at its depth. 
Therefore, solving for the active zone depth as a function o f Auraax has a sort o f  built in factor 
o f  safety regarding additional soil suction change which might occur due to climatic changes 
induced by a structure. This should be especially true for wetter climates which normally do 
not experience as discrete w et and extended dry seasons as more dryer climates. In this 
respect, the lower bound o f  the soil suction “envelope” for a site in a wetter climate will be 
characterized by lower values o f  soil suction and to greater depths than for a dryer climate. 
Therefore expansive soils at sites o f  wetter climates (e.g. St. Louis) will not be affected as 
much by additional moisture beneath a structure resulting from evaporation cutoff.
M cK een (1992) summarized the information needed for determining heave as: (1) 
magnitude o f  suction change for design; (2) active zone depth to  which that change 
penetrates; and (3) the soil response to that change. (1) and (2) can be obtained by theoretical 
methods, such as using Equations (17) or (18), or empirical methods, such as suction profiles 
from geotechnical explorations and assuming an equilibrium profile using COE methods. 
Number (3) is basically a swell versus suction change index. Multiple forms o f  this type o f  
index exist, including M cK een’s Ch, which can be modified for lateral confinement and
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overburden stress using f  and s (Equation 11). Alternatively, the product o f  M cK een ’s Ch, 
f, and s could be substituted w ith  a sw ell index relating change in suction with vertical swell. 
This type o f  index has already been formulated by A itchison and Martin (1973) w h ich  they 
refer to as an instability index.
Ipt " A log h E quation (19)
where: Ip/ =  slope o f  vertical strain versus lo g  total suction  
&v =  vertical strain 
A log  h =  change in total suction
T h e Instability Index, Ip/, is com posed  o f  the Matrix Suction Instability Index, Ip„/, 
com ponent and the Solute (or osm otic) Suction Instability Index, Ip/, com ponent.
Jpt = Jpm + IpS E quation (20)
A itch ison  and Martin (1973) discuss the importance o f  quantifying the m agnitude o f  the 
separate components o f  Ip/  and the amount o f  change in their corresponding com ponents o f  
total suction (i.e. matrix and solute suction). T he relative m agnitude o f  one the ind ices (Ipr/  
or I , / ) depends on the value o f  the other suction com ponent (e.g . Ip / versus matrix suction). 
During that tim e, A itchison and Martin (1973) com m ented that there w as not necessarily a 
general relationship betw een values o f  Ipm# and Ip/. The tw o  might be approximately equal 
under a certain overburden pressure and matrix suction. In less active clays, Ip / m ight tend 
toward zero w hile remains c lose  to the middle o f  its potential range.
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Because St. Louis is generally in a humid climate (TM I « 35, Cw2 ~ 35), the surficial 
soils are probably well leached o f  salts. This would cause the osm otic suction to  approach 
zero and leave the matrix suction as the dominating term. The Solute Instability Index tends 
toward zero when kaolinite predominates the mineral composition o f  the clay soil (Aitchison  
and Martin, 1973). Both o f  these general guidelines suggest that, for clay soils o f  the St. 
Louis area, measurement o f  the total suction is sufficient when pursuing the magnitude o f  
change in suction o f  a particular soil profile. This is because the matrix suction potential is 
most likely the dominating suction change and therefore will be approximately equal to the 
change in total suction. Therefore, laboratory measurements o f  total suction for oedom eter 
test specim ens wetted with free water should provide reproducible data applicable to 
conditions at St. Louis. Measurement o f  the total suction o f  a soil sample can be easily 
measured by the filter paper method (ASTM  5298-94).
F. SU M M A RY
In summary, theoretical relationships exist (Mitchell, 1979, M cKeen and Johnson, 
1990) for determining a soil suction profile with depth and can be based on empirical 
relationships (Equation, 16) for actual expansive soil sites. Using testing m ethodologies 
(McKeen, 1992) this soil suction profile can be used to determine an active zone depth based 
on an allowable amount o f  soil suction change (Aumax) and the expansive soil’s response to  
that change (swell versus soil suction index). It is the expansive soil’s response to  the change 
in soil suction that is o f  primary concern. Many variables affect an expansive so il’s response 
to a change in soil suction and most were discussed in Section II.B. Different m ethodologies
2 Cw: Climatic Rating (BRAB, 1968)
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have been devised to  quantify empirically (Equation 5) and measure (A itchison and Martin, 
1973) an expansive soil’s swell versus suction index. Some research has even show n that this 
index can be reasonably predicted for a given geo log ic  location with a value o f  the plasticity 
index o f  the expansive soil (M itchell and Avalle, 1984).
The successful solution to  determine the active zone depth for expansive soils in the  
St. Louis area o f  Missouri will come from an efficient and cost effective com bination o f  these  
existing theories and m ethodologies. This is true not only for the engineers w h o  might use  
and rely on the resulting methodology to produce the best design, but also for the contractors 
w h o would ultimately execute the design and the owners w ho w ould ultimately pay for and 




A  laboratory testing program was developed to formulate a relationship in which an 
active zone depth, z, could be estimated by measuring soil index properties o f  the soils at a 
given site. This was accomplished by modifying existing swell test methods to  develop a 
procedure to determine a swelling modulus similar to A tchson and Martin’s Total Suction 
Instability Index (Equation 19) using traditional consolidation testing equipment. Once the 
swelling modulus is known, the active zone depth can be calculated with an estimated profile 
o f  minimum and maximum soil suction versus depth using theoretical methods (M cKeen and 
Johnson 1990, McKeen 1992). This active zone depth can then be correlated to the index 
properties o f  the soil.
Experience suggests that most heave occurs in the moisture content increase from the 
shrinkage limit to the plastic limit unless osmotic suction is important (Nelson and Miller, 
1992). Therefore, to develop a soil suction versus swell modulus, Au/Ay, the interrelationship 
between swell and soil suction must be investigated in the water content range between these 
two Atterberg limits. Water should be added to the soil o f  a particular test in small 
increments. By adding water incrementally full swelling potential o f  the soil samples develops 
(Section n.D.2). In addition, incremental wetting allows tests to be stopped at any moisture 
content relative to the boundaries mentioned above. This is important to quantify any 
changes that occur in the swell versus soil suction relationship. The Incremental Moisture 
Swell Test (IMS) was developed to provide a test program following the above guidelines. 
The procedures for an IMS test are as follows.
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1. Obtain a representative sam ple(s) o f  each suspected expansive soil layer from  the 
ground surface to either 1) the bottom  expansive soil layer; 2 )  water table; or 3 ) a 
sufficient depth where the pressure o f  overburden will equal or exceed the swelling  
pressure o f  the soil at depth.
2. Determ ine initial total soil suction o f  the specimen (M easurement o f  Soil Potential 
(Suction) Using Filter Paper A STM  5298-94).
3. P lace the specimen in consolidom eter cell and apply a vertical load equal to  the 
specim en’s effective overburden pressure, P '0.
4. Add an increment o f  water and measure resulting sw ell to  com pletion o f  100%  
primary swell.
5. Repeat step 4  by adding additional water increments until test specim en has reached 
desired moisture level.
6. Rem ove test specimen from consolidom eter and determine the final total soil suction  
and the final water content using the filter paper test (A ST M  5298).
Ideally, the increment o f  water chosen would divide the region o f  swelling into essentially  
equal parts. Currently, there are no guidelines for the amount o f  water to  add for each  
increment. T he com paction water content o f  test samples for this research w as chosen  at 
12%  to  produce samples w ell under their shrinkage limit. It w as planned to  take test 
specim ens to  at least 30%  water content which is well above the plastic limit o f  m ost 
expansive soils. This was arbitrarily divided into nine increments o f  enough water to  produce  
a 2% change in water content for a test sample. I f  the difference in water contents o f  the 
sw elling boundaries was 30%, 10 increments o f  water constituting a 3% change in water 
content for a test sample could be used.
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A  light seating load o f  1/8 ton per square foot (tsf) (12 kPa) was chosen for this 
testing program. This load should not surpass overburden pressures for shallow active zones. 
This increases the versatility o f  the test results which can be adjusted for greater overburden 
pressures if necessary using Equation (13). Shallow active zone depths should prevail in St. 
Louis due to the relatively wet climate o f  the area.
Although the consolidometer test has its limitations, and a swelling modulus is 
dependant upon more variables than soil index properties, this methodology should prove to  
be a useful analysis procedure for expansive soil problems in the St. Louis area with respect 
to lightly loaded foundations.
B. MATERIAL AND EQUIPMENT
1. Manufacture o f  Test Specimens. The testing program ultimately used in this study 
utilized two manufactured soil mixes to  validate the testing m ethodology and to  obtain 
preliminary results. The underlying goal was to prove the usefulness o f  the testing program. 
It is anticipated that further research on more soil types, ideally natural soils, could continue. 
Geotechnical firms could use their results to build a regional database.
Two soil mixes were produced by combining varying amounts o f  commercial kaolinite 
and montmorillonite clays. Hydrometer and Atterberg limit tests have been performed to  
determine the index properties o f  each soil mix (Table V). These particular soil mixes were 
chosen to simulate the plasticity indexes o f  swelling soils in St. Louis county according to the 
Soil Conservation Service (SCS 1970). Soils classified as having a moderate swelling 
potential have P .I.’s o f  15 to 40. Soils classified as having a high or very high swelling 
potential have P.I.’s from 20 to 55. Hence, target values o f P.I. between 25 and 50 have 
been chosen to approximate moderate and high swelling potential soils.
















Soil 1 5 95 22 45 23 26 28.2 0.82
Soil 2 11 89 23 71 48 23 32.0 1,5
* Mont.: Montmorillonite
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Test specimens were made by using a special mold (Figure 4) to statically compact 
a soil sample into a consolidation ring. Each sample was compacted to a dry unit weight o f  
85 pcf (1.4 g/cm3) at a water content o f approximately 14 percent. This water content is 2% 
above the original intended compaction water content o f 12% due to additional water which 
was added to compensate for evaporation. A  triaxial load frame was used to  provide the 
static load for compaction at a strain rate o f  0.05 inches per minute (1.27 mm/min) (Figure 
5). The static compaction mold was designed to compact the soil to  a height o f  
approximately 0.75 inches (19 mm) in a 1 inch high (25.4 mm), 2.5 inch (64 mm) diameter 
consolidation ring. This over-trimming allowed room for swelling during the IMS tests. 
Before compaction, the inside surface o f  the consolidation ring and all surfaces o f  the static 
compaction mold that contact the soil were coated with silicon lubricant spray to  reduce side 
friction between the soil and the consolidation ring.
Static compaction was used to minimize the variance in dry unit weight within a 
compacted test specimen. Leonards (1953) reported that unpublished literature from Purdue 
University had found that uniform specimens could only by achieved by statically compacting 
specimens with diameters several times the thickness. Leonards (1953) w as successful in 
designing a compaction mold 10 inches (254 mm) in diameter that would produce a specimen 
3.5 inches (89 mm) in height. Leonards reported that 21 duplicate samples were produced 
with the maximum variation in diy unit weight less than 0.5 percent. Whitman, Roberts, and 
M ao (1965) reported that specimens had negligible variation in dry unit weight when the 
diameters o f  their specimens were twice as large as their height. The diameter to height ratio 
for the 10 inch (254 mm) diameter by 3.5 inch (89 mm) high specimens tested by Leonards 
is about 2.9. The diameter to height ratio o f  the specimens
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Figure 4 Static com paction mold.
F igure 5 Static com paction mold in triaxial load frame.
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in this research program is about 3.3. Therefore the uniformity o f  the specimens in this 
research program should be adequate to reduce substantial variation in dry unit weight. 
However some variation could still exist in dry unit weight due to the low  water contents at 
which the specimens were compacted. Barden and Sides (1970) observed 1/8 inch (3 mm) 
to 1/4 inch (6 mm) pellet-like macropeds in soils compacted on the dry side o f  optimum. 
Because this research program used static compaction, these macropeds most likely did not 
break down completely; or even as much as they did with kneading compaction performed 
in the research o f  Barden and Sides (1970). The only consolation would be the fact that the 
soil mixes o f  this research program were produced by through mixing from batches o f  the tw o  
clay constituents used; both were at a powder-like condition before mixing.
2. Consolidation Equipment. Four consolidation machines were used in this study: 
two Wykeham Farrance WF 24001 rear loading oedometers (Figure 6) and tw o Clockhouse 
J41 (Figure 7) front loading oedometers. Lead weights were taped to the bottom o f  each 
yolk (Figure 6) o f  the Wykeham Farrance oedometers to help center the yolk beneath the 
capstan. Standard consolidation cells were used with each o f  these oedometers. A  clear 
vinyl plastic cover was manufactured for each consolidation cell to prevent evaporation from 
the test specimens during the swell test specimens (Figure 8). Holes were cut in the top o f  
the plastic caps to allow the consolidometer piston to directly contact the load caps on the 
test specimens. Two small incisions, forming an “x”, were made in the plastic cap. This 
allowed access o f  a syringe to add water to the test specimens. Special load platens for the 
soil specimens were designed and used with each consolidometer to provide a means through 
which water could be added to the soil samples. The two load platens designed for the 
Wykeham Farrance consolidometers (Figure 9) were machined from aluminum. The
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F igure 6 W ykeham  Farrance rear loading oedom eters.
F igu re 7 C lockhouse front loading oedometers.
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Figure 8 Consolidation cell with plastic cover.
Figure 9 Load platens used with Wykeham Farrance oedometers.
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load caps in Figure (10) w ere used with the C lockhouse m achines and w ere a m odification  
o f  load caps designed for use with the C lockhouse machines. Each load  cap design provided  
a reservoir to  hold a given increment o f  water while the porous stones beneath imbibed the  
water. The stones could then transmit water to  the test specim ens beneath.
3. M echanical Balance. Determ ination o f  soil suction using the filter paper m ethod  
(A S T M  D  5 2 9 8 -9 4 ) required a balance capable o f  readability and accuracy to  the 0.1 o f  a 
milligram to  m easure the m ass o f  filter papers. A  Metller, m odel H lO w  balance, w as used  
t o  measure the m ass o f  filter papers used for the suction tests (Figure 11). This particular 
balance was a mechanical m odel and required periodic re-calibration due to  its sensitivity to  
vibrations.
C . EX PER IM EN TA L PR O C ED U R E
A  predetermined amount o f  soil was compacted into a consolidation ring using the 
static com paction mold. W hen the com paction load was released, a dial gauge m ounted on  
a small ring stand w as placed on the triaxial load frame’s platform to measure the rebound o f  
th e  com paction piston (Figure 12). This value was recorded and added to  the m old  
com paction height to  obtain the original height used in vertical strain calculations. The test  
specim en (so il and ring) w as immediately w eighed and placed into an equilibrium chamber 
(Figure 13) w ith  tw o  filter papers for the initial soil suction test. The equilibrium chamber 
w as then placed into a styrofoam cooler containing vermiculite (Figure 14). T he verm iculite 
w as used to  insulate the equilibrium chambers from the temperature fluctuations o f  the  
laboratory.
O nce a test specim en w as removed from  the equilibrium chamber o f  the initial soil 
suction  test, it w as immediately placed into a consolidation cell. A  piece o f  clear vinyl
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Figure 10 Load platens used with Clockhouse oedometers.
Figure 11 Mettler mechanical balance.
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F igu re  12 M easurem ent o f  sample rebound after compaction.
F ig u re  13 T est specim en in equilibrium chamber.
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F igure 14 Equilibrium chamber in insulated box.
plastic w as placed between the test specimen and the bottom  porous stone to  prevent 
moisture from entering the bottom  o f  the test specimen.
After the test specimen w as in the consolidation  cell, the cell w as placed into a 
consolidom eter. A  standard seating load o f  1/8 t s f  (12 kPa) w as then applied to  the test 
specimen. The seating load remained on the specimens for the duration o f  the sw ell test. 
W ater w as added to the bottom o f  the cell to a shallow depth that did not rise above the top  
o f  the bottom  porous stone.
After the seating load w as applied and consolidation reached approximately 100%, 
an increment o f  water was added to the soil through the port. The resulting sw ell o f  the 
specim en due to the addition o f  the water was measured and recorded with time. W hen the
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swelling w as approximately 100% com plete as determined by a dial reading versus log  time 
plot, the next increment o f  water w as added.
W hen primary swell w as complete from the last increment o f  water, the test specim en  
w a s carefully removed from the consolidometer and then removed from the consolidation  cell. 
T he test specim en w as immediately weighed. A fter weighing, the test specim en w a s  placed  
in an equilibrium chamber for the final soil suction test.
After the final soil suction test, the test specim en w as oven  dried to obtain the initial 
and final w ater contents.
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IV. EXPERIM ENTAL RESULTS AND DISCUSSION
A. INITIA L T E ST S
The testing program began with a test specim en (Test A l  and B l )  from  each so il m ix 
being allowed to  swell as water w as added incrementally. Swell continued for each increm ent 
until the measured swell rate had decreased to essentially zero. Sw ell as a function o f  w ater  
added to the test specimen w as plotted for T ests A l  and B 1 (Figures 15 and 16). A s can be  
seen from the figures, Soil M ix B  had greater swell than Soil M ix  A. This w as expected  since  
S oil M ix  B  contains tw ice  as much m ontm orillonite as Soil M ix A. It can be seen  from  
F igures 15 and 16 that both soil m ixes exhibited three definite zon es o f  sw elling behavior. 
For clarity in further discussion, these zones w ere identified as fo llow s. There is an initial 
swell phase w here relatively little expansion occurs as m oisture content increases. U p on  
further addition o f  water, sw ell increases rapidly through the active swell phase. Finally, 
increm ental sw ell becom es relatively small as w ater is added in the final swell phase. For  
Test A l ,  the total amount o f  water added where the behavior transitions from initial to  active  
swell was approximately 17 cc, and active to final sw ell w as 22 cc. For Test Specim en B l ,  
the corresponding accum ulated water added w as 17 cc  and 24 cc  respectively.
B. W A TER  A D D E D  V E R SU S SW ELL
In order to  determine the actual water content and suction that correspond to  the  
transitional zo n e s  in Figures 15 and 16, a second series o f  tests w ere conducted. In th ese  
te s ts  just enough w ater w as added to  a test specim en to bring the specim en to  on e o f  the  
fo llow ing points as determined from Figures 15 and 16.
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0 5 10 15 20 25 30
Cumulative Water Added (cc)
F ig u re  15  Sw ell versus water added for Test A l .
1) Just after start o f  the incremental swelling.
2 )  The point where initial swelling changes to active swelling.
3 ) The point where active swelling changes to  the final sw ell phase.
O nce the specim en reached the proper accumulated water added increment, it w a s  rem oved
from  the oedom eter and its suction and moisture content measured.
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F igure 16 Swell versus water added to Test B l .
A  swell versus water added plot was constructed to show progress o f  swelling relative 
to  the initial tests (A l and B l ) .  The plots for all test specimens for Soil M ix A  and B  are 
shown in Figures 17 and 18 respectively.
It can be seen from Figure 17 that Tests A3 and A 4 followed a path o f  initial swell 
nearly identical to the path follow ed by Test A l. Their measured suction and moisture 
content should be very close to that o f  Specimen A l at the corresponding points. Although
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Cumulative water added (cc)
F igure 17 W ater added versus swell: Soil M ix A.
Test A2 also follow ed this initial swell path closely, the total swell o f  Test A2 w as less than 
that o f  Test A l  after active swell began. Specimen A l completed active swell at 22  cc o f  
water added. This w as the intended stopping point for Test A 2 so that its moisture content 
and suction could be measured. M ore water w as added to Test Specimen A2 in an attempt 
to  get the total swell closer to that o f  Test A l . However, Test A 2 did not improve and w as  
terminated at 23 cc o f  water added and its suction and water content measured.
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Figure 18 Water added versus swell: Soil Mix B.
It can be seen from Figure 18 that Tests B2, B3, and B4 followed a path o f  initial 
swell nearly identical to the path followed by Test B l and their measured suction and 
moisture content should be very close to that o f  Specimen B l at the corresponding points. 
However, Test Specimen B3 behaved similarly to Test Specimen A2 in Figure 16. Test B3 
was terminated at 24 cc o f  water added. Twenty-four cc o f  water added appeared to be the 
moisture content at which Test Specimen B l experienced a change in swelling behavior from 
active swell to the final swell phase. Test Specimen B2 was intended to provide data at the
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change in swelling behavior to  the active swell phase at approximately 15 to  20  c c  o f  water 
added. T he consolidation ring o f  Test Specim en B 2, however, did not receive any silicon  
lubricant. Its effect can be readily seen from the plot o f  Test B2. For this reason T est B 5 was 
conducted to replace Test B2. Test B5's path during initial swelling also closely fo llow ed  that 
o f  Test B l .
D uring the incremental additions o f  w ater to  the test specim ens, it w as difficult to  
determine clearly the conclusion o f  primary sw ell from the shape o f  the dial reading versus 
log  time plots. Very few  increments displayed ideal curves which should resemble an inverted 
dial reading versus log  tim e plot from a consolidation test. During the actual tests, 
measurable swell from a particular increment o f  water typically w ould begin within 3 minutes 
after injection; the longest taking 25 minutes to  start swelling. This initial sw elling w as  
relatively rapid and w ould continue for several hours. For m ost o f  the swell increm ents, the 
plot o f  dial reading versus log  time continued to  fo llow  an inclined and relatively steep slope 
even after swelling had almost completely diminished. This w as due to the com pressed nature 
o f  the log  time axis as the measured time during a test approached 10,000 m inutes. Often 
swell rates as lo w  as 0 .0001 o f  an inch in 24 hours would still plot as ongoing sw ell (i.e. no 
break-over in swell curve). T o solve this problem, an arbitrary stopping point w as chosen to  
approximate the conclusion o f  primary swell. The primary sw ell for a particular increment 
o f  water w as considered com plete i f  the swelling betw een the last tw o  dial readings w as 5 
percent or less o f  the total amount o f  swell measured thus far. B y  averaging data from  all the 
test specimens (except B 2), the time interval for the 5 percent criteria w as found to  occur at 
about the last 900  minutes o f  2500  minutes o f  swelling. All but 7 sw ell increm ents out o f  
over 40 lasted at least 24  hours (1440 minutes). Generally, sw ell from an increm ent o f  water
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lasting greater than 48 hours (2880 minutes) tended to occur when test specimens where 
relatively dry (initial swell phase) or wet (final swell phase).
C. SWELL VERSUS WATER CONTENT
Once all o f  the data had been compiled from all the test specimens, swell as a function 
o f  water content plots were constructed for each soil mix. The total swell was divided by the 
pre-swell height for each test sample to obtain the vertical strain, o f  that test. ev was 
plotted versus water content for each test specimen. The results o f  Soil Mix A  and B  can be 
seen in Figure 19 and Figure 20 respectively. The initial swell phase occurred from water 
contents below the shrinkage limit for both soils. Therefore, it was assumed that the swell 
observed during this period was due primarily to an elastic rebound o f  the mineral skeleton 
as some strain energy from the compaction process was released when the internal pore 
pressures began to decrease. The active swell region marked the period when expanding 
double layers around the clay particles had grown large enough to start repelling each other. 
Both soil mixes started active swelling at a water content o f  approximately 26%. 26% is the 
shrinkage limit o f  Soil Mix A  and approximately the shrinkage limit o f  soil M ix B.
When comparing Figures 19 and 20 with Figures 17 and 18, it is apparent that the 
relative position o f  the data points are similar; a constant water flux had developed within the 
porous stones. It should be noted that the curves in these figures both consist o f  tw o distinct 
slopes instead o f  the three slopes seen in Figures 17 and 18. This suggests that indeed, Test 
Specimens A 2 and B3 were still in the active swell phase even though they were not 
exhibiting as much swell as was measured during the incremental swell o f  Test Specimens A l  
and B l at equal moisture additions. In contrast to Figure 18, it can be seen in Figure 20 that 
Test Specimen B5 might not have swelled in proportion to its final water content.
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Figure 19 Swell versus water content: Soil M ix A.
The water contents o f  the test specimens were used to calculate the actual amount o f  
water imbibed into the test specimens. This value was plotted versus the amount o f  water 
added to the load platens to obtain a calibration curve for each load cap (Figure 21). D ue to  
lack o f data, the best fit line for the Clockhouse load platens was forced through the origin.
D . SWELL VERSUS SOIL SUCTION
A  plot o f  vertical strain as a function o f  total soil suction was constructed for each soil 
mix. Figures 22 and 23 are the results from Soil Mix A  and B respectively. The vertical
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Figure 20 Swell versus water content: Soil Mix B.
strain versus soil suction plots did not exhibit the three separate regions as did the plots in 
Figures 17 and 18. For both soil mixes, the difference between a soil suction at the onset o f  
swell and one at the conclusion o f  swell was relatively small. Soil Mix A initiated swelling 
at a soil suction of 4.4 pF and concluded swell at approximately 4.0 pF. Soil Mix B initiated 
swelling at a soil suction o f  4.3 pF and concluded active swell at a soil suction o f  4.0 pF. 
Results o f  research by McKeen and Hamberg (1981) and McKeen (1992), indicated that the 
difference in soil suction at the start o f  drying and when the sample stops shrinking is greater
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Figure 21 Calibration curves for load platens.
than measured here. In their testing program, undisturbed and unconfined soil samples were 
dried from their natural water content. Volume change o f  the samples primarily occurred 
from a soil suction o f  2.5 (field capacity) to a soil suction o f  5.5 (shrinkage limit).
A  regression analysis was performed on the data points to obtain the swell modulus 
o f  each soil mix. This swell modulus, denoted by M,, is the slope o f  the regression lines in 
Figures 22 and 23. The points exhibiting negligible swell were ignored. The swell modulus, 
Mj, is similar to McKeen’s suction compression index, Ch (Equation 11). McKeen and
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Figure 22 Swell versus soil suction: Soil Mix A.
Johnson 1990 and McKeen 1992 report that soil exhibits primarily one Ch when swelling from 
its shrinkage limit to its field capacity. Consequently by ignoring the early, zero swell points, 
one regression line defines the vertical strain versus soil suction data for each soil mix in 
Figures 21 and 22. The after-swell vertical strain, and soil suction, u, for all test specimens 
was used in each regression analysis with the exception o f  Test Specimen B5 for soil mix B. 
Test Specimen B5 had considerably less suction than the other specimens in Mix B. There 
was a large amount o f  condensation inside the equilibrium chamber during the final soil
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Figure 23 Swell versus soil suction: Soil Mix B.
suction o f Test B5. In fact, the excessive condensation caused the filter papers to stick to the 
bottom o f  the lid o f  the chamber. This is probably the reason for the erroneous value o f  final 
soil suction for Test B5. The swell modulus, Ms, and correlation coefficient, r2, 
corresponding to the regression analysis for each soil mix is summarized in Table VI.
The trend seen in Table VI is expected on the basis that the slope o f  the vertical strain 
versus soil suction curve is much steeper for Soil Mix B than it is for Soil Mix A. However, 
these changes o f  soil suction are relatively small with respect to the volume change the test
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specimens exhibited. The reduction o f soil suction change could be caused by the load 
applied to the test specimens during swell tests. This idea opposes research using controlled 
suction oedometer tests. Several researchers (Aitchison and Martin, 1973; Escario and Saez, 
1973; Peter, 1979) have measured swell or compression (depending on the type o f  test; i.e. 
initial and final suction values) throughout relatively large changes in matrix suction while 
samples were maintained at a constant vertical stress. However, these tests utilized pressure 
cells (Escario and Saez, 1973) or membrane oedometers (Aitchison and Martin, 1973; Peter, 
1979). These specialized machines control the pore water pressure (matrix suction) using 
differences in air pressure above and water pressure in the porous stones below the test 
specimens. Perhaps the differences between the results o f  this study and those just discussed 
are due to the nature o f wetting o f the test specimens. Some researchers have reported 
differences between the swelling obtained from traditional inundation oedometer tests and 
controlled suction tests. Mou and Chu (1981) reported more swelling from inundation 
oedometer tests than from controlled suction tests on statically compacted soil starting at the
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same initial conditions o f  suction dry density and water content. Although the nature o f  
wetting for an IMS test is not inundation, it is closer to an inundation type test on the basis 
that soil suction is reduced by addition o f  free water. Therefore, the differences between this 
test and tests from other research (Escario and Saez, 1973; Aitchison and Martin, 1973; 
Peter, 1979) could be due to the IMS test allowing much more swelling for an equal change 
in suction. Also, the small amount o f  data comprising this study is more susceptible to normal 
data scatter. It is possible that the manufactured nature o f  the test specimens is som ehow  
affecting the amount o f  soil suction change the samples experienced during the swell testing. 
More test data, perhaps with natural soils, might reveal less o f a difference between the results 
o f  this research and other research involving controlled suction test devices.
E. SOIL SUCTION VERSUS WATER CONTENT
Figure 24 and Figure 25 are plots o f soil suction versus water content for Soil Mix A  
and B respectively. A  regression analysis was also performed for each o f  these plots to obtain 
a moisture characteristic (Au/Aw) for each soil mix. All data points for Soil M ix A  were 
considered in the regression analysis. The data for Test B 5 was not considered for Soil M ix 
B  for the reasons stated above (Section IV.D). The moisture characteristic and 
corresponding correlation coefficient for the regression analysis o f  each soil mix are 
summarized in Table VII. The moisture characteristics were used in the analysis o f  results
to  determine an active zone for each soil mix.
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Figure 25 Soil suction versus water content Soil Mix B





Mix A - 4  52 0 86
Mix B - 3  50 0 83
6 8
V. ANALYSIS AND USE OF EXPERIMENTAL RESULTS
A. SUCTION PROFILE FOR ST. LOUIS AREA
A  soil suction profile for the St. Louis area was estimated on the basis o f  the data 
presented in Section IV. A  soil suction profile can be estimated for a given site using 
Equation (17) if  values for Ue (equilibrium soil suction at depth), U0 (maximum soil suction 
variation at the surface), n (climatic frequency), and a  (soil diffusion coefficient) can be 
estimated.
1. Equilibrium Soil Suction at Depth. U c. A value for Ue was chosen to correspond 
with an expected value for a clay slightly drier than its field capacity o f moisture content (i.e. 
located above a water table). Field capacity is the moisture content o f  the soil at which 
additional water will drain from the soil rather than being absorbed. This assumption should 
be valid for a region such as St. Louis with a relatively wet climate (TMI = 3 5 in.). Research 
by McKeen (1992) reports that most soils at their field capacity will exhibit a soil suction o f  
2 to 2.5 pF. Research by Russam and Coleman (1961) report a value for U e o f  2.8 for a 
“heavy clay” and a TMI o f  35 (TMI for St. Louis). Wray (1987) and McKeen and Johnson 
(1990) have found good agreement with Russam and Coleman’s values. A  value o f  3.8 for 
Ue for Jackson, MS (TMI = 30 in.) was reported by McKeen arid Johnson (1990) in Table IV. 
However, McKeen and Johnson (1990) also stated that it was thought this value was high due 
to a high osmotic soil suction component. Therefore a value o f  U e equal to 2.8 pF was 
assumed for both Soil Mix A and B.
2. Maximum Soil Suction Variation at Ground Surface. U „. The surface value o f  
maximum soil suction variation was assumed to be 4 pF for Soil Mix A and B. Data from
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McKeen and Johnson (1990) suggests that surface soil suction values are in the range o f  2  
to  6 pF. This range was suggested by Wray (1987) and is in good agreement with (Russam  
and Coleman, 1961). Note that with a Ue value o f  2.8 pF, a U0 o f  4 pF will result in a surface 
soil suction variation between 0.8 and 4.8 pF. The 0.8 pF is less than 2.0 pF o f  the suggested  
range above, however, 0.8 pF should be a reasonable value for a w et climate.
3. Climatic Frequency Number, n. The climatic frequency number, n, w as estimated 
by consulting Table III (McKeen and Johnson, 1990). A  value o f  1.00 is recommended for 
shallow potential active zone depths. A  value o f  0.75 is recommended for moderate potential 
active zone depths. A  value o f  0 .80 was reported for Jackson, M S (TMI 30). M cKeen and 
Johnson (1990) found that n can reach a value o f  0.5 during a drought in the Dallas, T X  area. 
M cKeen and Johnson (1990) suggested using a value o f  0.5 for n be used for design to 
simulate a possible drought. An intermediate value o f  0.75 was chosen for the St. Louis area 
to consider the possibility o f  a drought in the future but in a region o f  wet climate.
4. Diffusion Coefficient, a . Equation (16) was used to estimate a value o f  the 
diffusion coefficient, a . To use Equation (16), values o f  the moisture characteristic, Au/Aw, 
suction compression index (Ch, Equation 11), and TMI are needed. The actual measured 
values o f moisture characteristic obtained for Soil Mixes A  and B (Table VII) from this study 
were used for this parameter.
Three different methods o f  estimating Ch were used to obtain a range o f  values from 
which the final value was chosen for each soil mix. The first method used the empirical 






1. Using Soil Mix A: Ah/Aw = -4.52 (Figure 23)
2. Ch = (-0.02673)(-4.52) - 0.38704 = -0.266 (%/pF)
The second method used swelling measured during the IMS tests to obtain an estimate 
of Q . This was done by calculating the change in volume that occurred in the consolidometer 
rings and dividing by the original specimen volume to get the observed volumetric strain. The 
volumetric strain was then divided by the change in soil suction to obtain a Ch.
Example:
1. Test Specimen A l: V0 = H0*A = 0.796 (in.) *ji(2.5 in.)2/4 = 3.907 cu. in.
2. Test Specimen A4: V0 = H0*A = 0.795 (in.) *7t(2.5 in.)2/4 = 3.902 cu. in.
3. Avg. V0 = 3.905 cu. in.
4. Test Specimen A4: Vf = (H0 + Cum. swell)*A = (0.795+0.0049)*4.909 = 3.926 cu. in.
5. Test Specimen A l: Vf = (H0 + Cum. swell)*A = (0.796+0.0445)*4.909 = 4.126 cu. in.
6. AV = Vf (A l) - Vf (A4) = 4.126 - 3.926 = 0.2 cu. in.
7. After swell soil suction, u, o f  A4 = 4.390, A l =  3.946; Au = (3.946 - 4.390) =  -0.444
8. Ch = AV/(Avg. V0)*(l/Au) = (0.2/3.905 l)*(l/-0.4440) = -0.115 (%/pF)
The third and final method used is based on McKeen and Johnson’s (1990) work. 
McKeen used a lateral restraint factor, f  (Equation 12), to predict vertical strain in the field
3 See tables in Appendix B for source o f values used in calculations o f examples.
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from volumetric strain o f  undisturbed soil samples during swell tests in the laboratory. A  
value for C,, could be estimated by back-calculating a volumetric strain using McKeen’s lateral 
restraint factor, f  (Equation 12), and the vertical strain measured from the IMS tests. This 
would give an estimate o f what the volumetric strain would have been had the test specimens 
in this study gone through the same soil suction change unconfined by a consolidation ring. 
This was done by dividing vertical strain by f  to obtain, in effect, a back-calculated volumetric 
strain for the test specimens. A value o f  K„ was needed for this procedure. This required 
that a K0 condition o f  the soil mixes existing in the consolidation ring had to be estimated. 
In Equation (12), if  K„ is equal to 1, then f  equals one and the vertical strain in the field (or 
consolidation ring in this case) should equal the volumetric strain in the lab (neglecting 
overburden effects on swell in the field). This represents a possible maximum vertical strain 
condition. Consider the following equation for the volumetric strain.
e voi = e x + ey  + e z Equation (22)
Where: evol = Volumetric strain
sx = Strain in the x direction (horizontal)
Ey =  Strain in the y direction (horizontal) 
sz = Strain in the z direction (vertical)
Assume that sx = Sy in the field (consolidation ring). In order for vertical strain measured 
during an IMS test to be equal to volumetric strain on an identical unconfined soil sample, all 
o f  both ex and Sy o f  the proposed unconfined swell test would have to convert to  the vertical
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direction due to lateral confinement. The amount o f  horizontal strain that would convert to  
vertical stain is equal to the horizontal strain multiplied by the poisson’s ratio o f  the soil. The 
poisson’s ratio o f  soil during compression is 0.5 or less. Theoretically, during compression 
it is not possible for all lateral strain to equal vertical strain. However, it might be possible 
during swell inside a relatively unyielding consolidation ring i f  one considers that, as the soil 
swells, high lateral pressures can build and create additional strain in the vertical direction as 
horizontal strain is prevented from occurring. This is similar to the soil in the field, at an 
already high lateral stress condition, starting to swell. McKeen (1990) reported back- 
calculating K0 field values o f  0.5 to  0.83 for clay. Therefore, estimates o f  Ch for the soil 
m ixes tested in this study were determined by back-calculating volumetric strain using 
Equation (12) and the assumption that K0 equaled one for the test specimens prior to  
swelling. The value o f  one for K0 to be used in Equation (12), for back-calculating an 
unconfined volumetric strain, seemed appropriate for the confined conditions o f  the test 
specimens in this study. It was also suspected that the K0 o f  test specimens w as high due to  
horizontal stresses remaining from the high vertical load applied to them during static 
compaction. Table VHI summarizes the values obtained for Ch for both soil mixes. 
Example:
1. After swell vertical strain A4 to A l: = 5.59 - 0.61 =  4.98%
2. Volumetric strain, evol =  s j f =  4.98/1 = 4.89%
3. Ch for Soil Mix A: Ch = svol /Au = 4 .89(0 .01)/(-.444) =  -0.110 (%/pF)
The final value o f  Q, for each soil mix was chosen using Table VIII. Since the values 
from Method 3 represent a theoretical upper limit o f Ch and the values from M ethod 1 exceed  
these, the values from Method 1 were not chosen. Methods 2 and 3 involved using actual
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Table VIH  Summary o f  Ch values for determination o f a .




data from the swell tests and did agree closely. However, with the values o f  Ch predicted for 
Soil Mix B by Method 2 and 3 above, Equation (16) estimates negative values o f  the diffusion 
coefficient, a . A  negative value for a  is not physically possible. It can be seen from Equation 
(17) that this will result in a soil suction profile that diverges with depth from an equilibrium 
suction value as opposed to approaching an equilibrium suction at depth. The database used 
by McKeen (1990) to determine Equation (16) contained data from five different sites. The 
values o f  Q, for the particular soils in McKeen’s study were all below -0.14. Therefore, it is 
likely that Equation (16) is not valid for high values o f Ch. Although negative values for a  
are not physically possible, they can be very low (Table IV). The greater the plasticity, the 
lower a  will be for that soil. Therefore a value lower than the value calculated for Soil M ix 
A  was assumed for Soil Mix B. The value o f  Ch for Soil Mix A  was chosen from Method 3 
since this value represents an upper limit and also the least o f  the three methods. This yields 
a value for a  o f  0.00399 cm2/s. A  value for a  o f  0.00100 cm2/s was assumed for Soil M ix
B.
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Example for Soil Mix A:
1. Equation (16): a  = 0.10134 + 0.000002(TM I) + 0.05468(Au/Aw) - 0.03509(0,,)
2. TMI = 89 cm. (35 in.); Au/Aw = -0.0452; Ch = 0.110
3. Soil Mix A: a  = 0.10134 +  0.000002(89) + 0.05468(-0.0452) - 0 .03509(0.110)
4. a  = 0.00399 cm2/s
Note that TMI must be in units o f  centimeters. Au/Aw is the slope obtained from Figures 23 
and 24 divided by 100. This is because the Au versus Aw slope used in the regression analysis 
by McKeen to determine Equation 16 is with Aw in decimal form and not percent. Ch must 
be in decimal form and positive.
Direct measurement o f  Ch would eliminate the need to estimate this index for 
determining a . Estimates o f  Q, for Soil Mixes A  and B from above seem to be close to those 
o f  soils with a much higher swelling potential. However, the results o f  the tests o f  this 
research project suggest the need to investigate a swell modulus (M J due to addition o f  free 
water to test samples under an applied stress.
5. Calculations for Soil Suction Profile. A  soil suction profile was constructed for 
Soil Mix A and B (Figures 26 and 27) using the estimated and assumed parameters above 
with Equation (17). A  constant depth increment, t, is chosen as an interval for calculations 




Figure 26  Soil suction profile: Soil Mix A
The quantity in square brackets, to  which the natural log e is raised in Equation (17 ) above, 
will be designated as “Y  Factor” .
0.5
Y F a c to r= Equation (23)
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Figure 27 Soil suction profile: Soil Mix B
N ote  that n has units o f  cycles/yr and therefore a  must be converted from cm2/s  (Section 
V .A .4.) to cm2/yr. Depth, d, must be in centimeters. The minimum soil suction at depth dj 
is then given by Equation (24) and the maximum soil suction at depth d; by Equation (25).





The minimum and maximum soil suction, u,^ and u^*, are then calculated at the next depth 
di+1. To obtain the soil suction profile, or soil suction envelope, u,,*, and u ^  are calculated 
from  the surface (i =  0) to  a depth where the suction envelope approaches U e for the 
particular problem.
B . ESTIMATION OF FIELD HEAVE
1. General. The soil suction envelope can be calculated and plotted as deep in the soil 
profile as necessary to obtain a maximum possible heave at the surface. This is done by 
continuing the calculations in Section V.A.5. Heave, AH, from individual layers o f  soil 
starting from depth d; and going to depth di+1, is calculated by the following equation.
The units o f  AH  ^i+1 will be determined by the units o f  t, the thickness o f  each soil layer. M, 
carries units o f  %/pF and hence Au maXi; must be in units o f  pF. A u ,^  { is equal to 
umin, i - Umax, i- Since the value o f  Au ^  for a given soil layer changes from depth dj to depth 
di + 1, an average value o f  Au from these tw o depths is used to calculate AH  ^i+1.
AHt = MtAu Equation (26)
Equation (27)
2
H owever, the results from the IMS tests suggest that only a certain range o f  soil suction 
values produces heave upon wetting. From the data sheets in the tables o f  Appendix B, it can 
be seen that swelling for Soil M ix A  started at 4.390 pF and concluded at about 3 .946  pF.
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Soil suction from 4.390 to 3.946 pF represents the swelling zone in a soil suction envelope 
for Soil Mix A (Figure 26). Hence, Au, for heave calculations, will equal 4.390 minus 3.946 
pF until the maximum soil suction, umax, for the particular depth reduces to 4 .390  pF or less. 
At this depth, the theoretical maximum soil suction from the envelope predicted by Equation 
(17) lies below the soil suction required to initiate swelling. This occurs for Soil Mix A at a 
depth o f  about 2.0 feet (Figure 26). At this depth, Au for Soil Mix A is equal to the 
difference between the maximum soil suction side o f the soil suction envelope and 3.946 pF. 
However, the maximum soil suction will fall below 3.946 pF at a greater depth. This point 
represents the maximum depth that can contribute to swell with respect to changes in soil 
suction. Below this depth, the soil suction theoretically will become less than the soil suction 
that concluded swelling for Soil Mix A. This occurs at a depth o f  about 4 feet (Figure 26) 
for Soil Mix A.
Swelling for Soil Mix B initiated at 4.324 pF and concluded at 3.992 pF. Therefore, 
Au for Soil Mix B will equal 0.332 pF (Figure 27) until the maximum soil suction is less than 
4.324 pF. This occurs for Soil Mix B at a depth o f  about 1 foot. Starting at 1 foot, Au is 
equal to the difference between the maximum soil suction and 3.992 pF. The maximum depth 
that contributes to swell is about 2 feet for Soil Mix B.
2, Heave Calculations for an Unaltered Site. Because o f  project scope constraints, 
only one overburden pressure was used during the IMS tests. Therefore the heave computed 
using Equation (26) from each individual layer was corrected for the restraining effect o f  
overburden pressure. Because 0.125 tsf  (250 psf) was applied to the test specimens o f  this 
study, overburden corrections were not made at depth increments where the overburden 
pressure was less than 250 psf. Equation (13) (McKeen 1992) was used for correction o f
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heave for overburden. To use this equation, an estimate o f  the swell pressure o f  the soil is 
needed. An estimate o f  this value can be obtained using the following equation from 
Komornik and David (1969) based on the statistical analysis o f  about 200 soils.
log Ps = 2.132 + 0.0208(wt ) + 0.665(prf) -  0 .0 2 6 9 ^ )  Equation (28)
Where: P9 -  the swelling pressure (kg/cm2)
wL , w n = liquid limit and natural water content (in percent) 
pd = dry mass density (g/cc)
Values for wL were obtained directly from Table V. The dry density o f  all test samples was 
taken as 1.4 g/cc. The natural water content was assumed to equal the shrinkage limit for the 
soils (Table V). These values yield a Ps o f  0.22 tsf  (440 psf) for Soil Mix A and 0.75 tsf  
(1500 psf) for Soil Mix B. Equation (13) reduces swell by an amount equal to the percent 
overburden pressure o f  swell pressure. An average value for overburden pressure is 
calculated from values at d; to d; +1 for a particular soil layer. Therefore the corrected heave 
for each layer, i, due to overburden, using Equation (13), is calculated using Equation (29).
A # ,  m  =  A / / „ , +1
' ( <
1 -
( +  4 > l ) . Y  w et
2  J P s  .
Equation (29)
Once the corrected heave for each layer o f  soil is calculated, they are summed to 
obtain the cumulative heave for that particular soil profile.




n is the number o f  layers needed to achieve a nearly constant value o f  A H ^ . A H ^  is the 
total predicted surface heave for a particular site for a particular soil.
A  QUATTRO PRO computer spreadsheet was created to assist in the calculations 
described above. Two spreadsheets are included in Appendix A (Tables X and XI). Table 
X is for Soil M ix A and Table XI is for Soil Mix B.
McKeen (1990) suggests that Equation (13) should only be used for overburden 
pressures less than 50% o f  the swell pressure o f  the soil. However, Equation (13) (and 
consequently Equation (29)) was used in Tables X  and XI to correct heave until the 
overburden pressure at the particular depth o f  calculations equaled the swelling pressure for 
each soil mix. Intuitively, contribution to surface heave from swelling versus depth o f  a 
deposit o f  expansive soil should cease at the depth where the expansive soil’s overburden 
pressure equals its swelling pressure. Equation (13) results in zero contribution to surface 
heave from swell below this depth. Hence Equation (13) was chosen for simplicity. Any 
equation relating swell to overburden pressure could be used in place o f  Equation (13). 
Equations to correct swell with respect to overburden, developed from swell test data on a 
particular soil from a particular geologic area with swelling soils o f similar origin and 
behavior, should be applied to the same.
The fact that overburden corrections begin in Tables X and XI at overburden 
pressures greater than the 0.125 tsf pressure applied to the test specimens during the IMS 
tests caused an unconformity in the corrected heave column (Column J) o f  Table X. Heave 
occurring in the field would obviously not exhibit this unconformity. However, assuming the 
IMS test provides viable swell moduli and the theories used to calculate heave (i.e. Mitchell, 
1979; McKeen and Johnson, 1990) are valid, the results o f  the spreadsheets should still come
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close to field heave. The amount o f  swell the test specimens exhibited was directly influenced 
by the pressure applied to them during the IMS tests. Therefore the swell modulus calculated 
by a series o f  IMS tests will be affected by the pressure applied to the test specimens o f  the 
IM S tests; the value o f the swell modulus could be inversely proportional to the applied 
pressure. It could then be reasoned that the calculated heave o f  the spreadsheets is less than 
field heave above the row in the spreadsheet at which the calculated overburden is less than 
the IMS test pressure and is more than field heave below this row.
It was realized that a reasonable value for unit weight for each soil mix was needed 
in Equation (29) to calculate a reasonable corrected heave in Tables X  and XI. The value o f  
unit weight used in Equation (29) for each soil mix was an average value calculated assuming 
an initial dry density o f  85 pcf and the water contents o f  the test specimens o f  each soil mix 
at the onset o f  active swell and within final swell regions o f  swelling (Section IV. A). This 
results in an average wet unit weight o f  110 pcf for Soil Mix A  and 115 pcf for Soil Mix B. 
Consequently, overburden pressures exceeded the IMS test pressure at a depth o f  2 feet.
3. Altered Site. To determine heave at a site at which some sort o f stabilization will 
be used (removal and replacement, lime stabilization, etc.) the following procedure can be 
used. Let the amount o f  surface heave resulting from stabilization to depth d; equal AHs i.
A # , ,  = ^Hcum ~ &H'lum, ,  Equation (32)
AHS is a value o f  surface heave on the assumption that the soil stabilized depth d; does not 
contribute to swell. AHj can then be plotted with depth to obtain a heave versus depth o f  
stabilization curve (Figure 28 and 29). A tolerable (allowable) amount o f  heave at the surface
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Figure 28 Heave versus depth o f  stabilization: Soil Mix A.
can then be referenced to a given depth o f  stabilization. An allowable heave for the surface 
can be selected from appropriate charts relating tolerable heave to the type o f  structure to be 
constructed. These charts are available from the BRAB (1968). For this study an allowable 
heave o f  1 inch (25.4 mm) was assumed. Using this value for tolerable heave, Table IX 
summarizes the values for the depth o f  stabilization for each soil mix.
4. M. Compared to Ch. Heave calculated with Ch is converted to vertical swell with 
a confinement factor f, with the assumption that the soil swells during the entire soil suction
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Figure 29 Heave versus depth o f  stabilization: Soil Mix B.
Table IX Depth o f stabilization for 1 inch o f  
surface heave.
Soil Mix
Depth o f  
Stabilization, (ft.)
Soil Mix A 0
Soil Mix B 0.75
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change (as is seen in the laboratory). Whether there are any differences between heave 
predicted using Q  (an unconfined modulus determined from air drying specimens) and heave 
predicted by a M, (confined modulus measured from incrementally wetting specimens with 
free water) can only be speculated. Each test to determine the corresponding modulus has 
its limitations. Both moduli could predict heave comparatively well. It is possible that 
corrections to a single M* measured at a low applied load (method used in this research) 
would yield satisfactory results. Comparisons to actual field test sites would be necessary to  
determine the most accurate method.
C. ACTIVE ZONE VERSUS P.I.
It was the original intention of this study to formulate a relationship in which an active 
zone depth, z, could be estimated by measuring index properties for soils at a given site. In 
Section II.D., active zone depth was related to an allowable change in suction at depth, that 
would produce an allowable heave at the surface provided the soil was stabilized to that 
depth. In Section V.B. above, a spreadsheet was developed to calculate this active zone 
depth. Hence, a design graph could be formulated by plotting values o f  P.I. with the 
predicted active zone depth. A plot such as this was constructed for the soil mixes tested in 
this study (Figure 30).
The relative positions o f  the two points comprising the curve in Figure 30 generally 
follow  the expected route. For constant initial dry unit weight and water content, soils o f  
higher plasticity will result in greater active zone depths than soils o f  lower plasticity. 
According to the results o f  this research, a site in St. Louis with expansive soils having 
properties o f  Soil Mix A requires no stabilization or modification to limit surface heave to 1 
inch or less. A site in St. Louis with expansive soils having properties o f  Soil Mix B requires
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0.75 feet o f  stabilization or modification. By consulting Tables X  and XI in Appendix A, it 
can be seen that these results are heavily reliant upon the value o f  “DEL U  for swell” (Section  
IV .B .l).
The use o f  soil suction boundaries for calculation o f  heave can also provide an 
alternative to the case where a soil suction profile at present is known and a final soil suction 
profile beneath a proposed structure is needed. Most methods assume a saturated profile with 
zero soil suction or a profile in equilibrium with a water table or constant value o f  soil suction 
at depth. The preliminary results o f  this study uncover the possibility that for humid climates, 
the equilibrium value at depth could coincide with conclusion o f  swelling. Therefore, it is 
possible that a judgement on the final soil suction profile could be grossly conservative when 
using a soil suction modulus for heave calculations.
20 25 30 35 40 45 50
P lastic ity  Index (P .I.)
Figure 30 Active zone depth as a function of plasticity index.
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VL CONCLUSIONS AND RECOMMENDATIONS
A. CONCLUSIONS
The IMS test developed in this study can produce a soil suction versus swell modulus 
for computation o f  heave for expansive soils. This can be used in conjunction with existing 
methods o f  predicting a soil suction profile to  estimate an active zone depth at a given site. 
The active zone depth can be expressed as the depth o f  stabilization required to  achieve a 
tolerable amount o f  heave at the surface o f a particular soil profile. This active zone depth 
can then be linked back to index properties o f  the soil for which the depth w as computed. 
Although the amount o f  data produced from this initial run o f  the IMS test has not determined 
a definite relationship between active zone depth and soil index properties, active zone depths 
computed for the soil mixes tested in this project yield promising results. The results clearly 
justify further research.
B. RECOMMENDATIONS FOR FURTHER RESEARCH
The specimens tested in this research project were composed o f  mixes o f  commercial 
clays. It is recommend that IMS tests be performed on natural soils i f  this testing 
methodology is to be developed for actual design computations involving natural soils. The 
index properties measured for the soil mixes o f  this study (Table V), along with natural 
moisture content and dry density, should be measured for each IMS test. The test specimens 
should be undisturbed samples cut into a consolidation ring and over-trimmed to  allow room  
for expansion. Initially the soil samples should be air dried to below the soil’s shrinkage limit. 
With experience and increased data, the exact starting and stopping moisture contents o f  
interest should be predictable. A  porous stone calibration curve (Figure 21) will eliminate
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guesswork on how  much water to add to test specimens. With increased data on moisture 
characteristics (Au versus Aw) it is possible that a vertical strain versus soil suction curve 
could be determined for a particular soil, with one IMS test taken to the final swell region.
The methods used in Section V should be followed to determine the active zone 
depth. A  more accurate estimate o f  the climatic frequency number should be determined; 
ideally this should be a value typical o f  humid climates during a drought.
A  method o f  directly determining the soil diffusion coefficient, a , is needed. A  
correlation between a  and soil index properties would benefit heave predictions regardless 
o f  which swell modulus is used to estimate heave. Mitchell (1979) has described a method 
o f  determining a  directly. The accuracy o f  soil suction envelopes determined by M itchell’s 
equation can then be assessed by comparisons with field soil suction envelopes. Although 
McKeen and Johnson (1990) have already conducted such studies, their diffusion coefficients 
were not directly measured and were values that produced the best fit between a measured 
and the predicted soil suction envelope for a particular soil. At present, data presented by 
McKeen and Johnson (1990) is the best source o f information when selecting parameters for 
the determination o f  the soil suction envelope.
After determining the soil suction envelope either empirically or directly, heave should 
be calculated using the measured swell modulus, M,. If only one value is determined for a soil 
profile, corrections must be made to heave for overburden pressure. The effect o f  applied 
pressure on M, is not fully developed at this time. Other research has shown a definite 
decrease in Matrix Suction Instability Index, I"^, (a M s equivalent) with increased applied 
pressure (Aitchison and Martin, 1973 and Escario and Saez, 1973). IMS tests at various 
overburden pressures might reveal a usable relationship to correct Ms directly for overburden.
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Comparisons between correcting heave for overburden computed with a single Mg and heave 
computed with a Mg corrected for overburden should be made.
O nce the active zone depth is determined for a given soil, this active zon e depth 
should be correlated to  the soil’s index properties. It is conceivable that, i f  m ore research 
data were available on natural soils, better correlations might result in a design graph such as 
Figure 30 except with other index properties o f  soils. Perhaps, there would exist separate 
lines in Figure 30  for constant dry densities, activities, or other. A  study by Snethen (1984) 
reported liquid limit and plasticity index as the most consistent indicators o f  potential swell. 
C. RECOM M ENDATIONS TO IMPROVE TEST PROCEDURES
It is recommended that the lower porous stone be replaced with a stiff non-absorptive 
material such as aluminum or steel. This will eliminate the need for a plastic membrane to  
separate the test specimen from the saturated porous stone beneath. Tests w ith aluminum  
blocks in place o f  the soils samples to determine machine deflection for the consolidom eters 
show ed  that a small amount o f  deformation measured during consolidation o f  the test 
specimens could have been due to the plastic membranes. This amount was averaged by three 
tests to  be 0 .0006 inches (0.015 mm).
A laboratory with a relatively constant temperature (i.e. less 3°C  range) should be 
used for testing. This should be easily achieved with standard climate controlled rooms (i.e. 
central heat and air conditioning). Condensation w as observed on m ost all o f  the 
consolidation rings o f  the test specimens. This condensation was most likely the reason for 
an erroneous result for Test B5 (Section IV.D).
APPENDIX A
CELL FORM ULAS AND SPREADSHEETS TABLES X  - X I
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CELL FORM ULAS (TABLE X):
Constants:
F 1 = t (depth increment)
H I = n (climatic frequency)
J1 = U e (equilibrium soil suction at depth)
F2 = M s (swell modulus)
H 2 = a  (diffusion coefficient)
J2 = U 0 (surface variation o f  soil suction)
Calculations from left to right:
A8 (depth in ft) = +A7+$F$1 
B8 (depth in cm) =  A8* 12*2.54  
C8 (Y  Factor) = -((($H $1@ PI)/$H $2)A0.5)*B8  
D 8 (u min) -  +$J$1-(($J$2/2)*@ EX P(C8))
E8 (u max) = +$J$1+(($J$2/2)*@ EXP(C8))
F8 (D el u) = +E8-D 8
G8 (D el u for swell) = @ IF(E8>4.390, 0.444, F 8-(3 .946-D 8))
H8 (Layer) = +H7+1
18 (D el H) = $F $2*$F$ 1 *((G 8+G 7)/2)
J8 (D el H ') = @ IF(A 8<=2r, @ VALUE(I8), +18 * (1-((A 7+ A 8)/2*110/440)))
K8 (D el H'cum ) =  +K7+J8 
L8 (D el Hs) = +$L$7*-K8
f  Alternatively: A 8*l 10<=250 (110 =  unit weight o f  Soil M ix A; 250 = EMS test pressure). 
J The maximum cumulative heave from column “K” (i.e. equal to cell K15 for this problem).
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CELL FORMULAS (TABLE XI):
Constants:
FI = t (depth increment)
H I = n (climatic frequency)
J1 = U e (equilibrium soil suction at depth)
F2 = M , (swell modulus)
H2 = a  (diffusion coefficient)
J2 = U 0 (surface variation o f  soil suction)
Calculations from left to right:
A8 (depth in ft) =  +A7+$F$1 
B8 (depth in cm) = A8* 12*2.54 
C8 (Y  Factor) = -((($H $1@ PI)/$H $2)A0.5)*B8 
D8 (u min) -  +$J$1-(($J$2/2)*@ EXP(C8))
E8 (u max) = +$J$1+(($J$2/2)*@ EXP(C8))
F8 (Del u) = +E8-D8
G8 (Del u for swell) = @ IF(E8>4.324, 0.332, F8-(3.992-D 8))
H8 (Layer) = +H7+1
18 (Del H) = $F$2*$F$1 *((G8+G7)/2)
J8 (Del H ') =  @ IF(A8<=2t, @ VALUE(I8), + I8*(1-((A 7+A 8)/2*115/1500)))
K8 (Del H'cum ) = +K7+J8 
L8 (Del Hs) =  +$L$7*-K8
f  Alternatively: A 8*l 15<=250 (115 =  unit weight o f  Soil M ix B; 250 = IM S test pressure). 
X The maximum cumulative heave from column “K” (i.e. equal to cell K15 for this problem).
APPENDIX B
D A T A  SHEETS
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Table X Spreadsheet for Soil M ix A.
A B C D E F G H I J K L
1 Depth Increment (ft.) = 0.5 n (cyc/yr) = 0.75 Ue(pF) = 2.800
2 Swell Modulus (%/pF) = 0.07 a (cmA2/yr) = 126000 Uo(pF) = 4.000
3
4 DEL U Indiv. Corrected Cum. Heave w/
5 Depth (ft.) Depth (cm) Y FACTOR U MIN UMAX DEL U for Layert Heave, (ft.) Heave, (ft.) Heave, (ft.) stabilitation, (ft.)
6 (pF) (pF) (pF) swell (pF) Del H Del H’ Del H'cum Del Hs
7 0.00 0 0.00 0.80 4.80 4.00 0.44 0 0.00 0.00 0.00 0.07
8 0.50 15 -0.07 0.93 4.67 3.74 0.44 1 0.02 0.02 0.02 0.05
9 1.00 30 -0.13 1.05 4.55 3.51 0.44 2 0.02 0.02 0.03 0.04
10 1.50 46 -0.20 1.16 4.44 3.28 0.44 3 0.02 0.02 0.05 0.02
11 2.00 61 -0.26 1.26 4.34 3.07 0.39 4 0.01 0.01 0.06 0.01
12 2.50 76 -0.33 1.36 4.24 2.88 0.29 5 0.01 0.01 0.07 0.00
13 3.00 91 -0.40 1.45 4.15 2.69 0.20 6 0.01 0.00 0.07 0.00
14 3.50 107 -0.46 1.54 4.06 2.52 0.11 7 0.01 0.00 0.07 -0.00
15 4.00 122 -0.53 1.62 3.98 2.36 0.03 8 0.00 0.00 0.07 -0.00
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T able X I Spreadsheet for Soil M ix B.
A B C D E F G H I J K L
1 Depth Increment (ft.) = 0.25 n (cyc/yr) = 0.75 Ue (pF) = 2.800
2 Swell Modulus (%/pF) = 0.3 a (cmA2/yr) = 31500 Uo (pF) = 4.000
3
4 DELU Indiv. Corrected Cum. Heave w/
5 Depth (ft.) Depth (cm) Y FACTOR U MIN UMAX DEL U for Layer t Heave, (ft.) Heave, (ft.) Heave, (ft.) stabilitation, (ft.)
6 (PF) (pF) (PF) swell (pF) Del H Del H‘ Del H'cum Del Hs
7 0.00 0 0.00 0.80 4.80 4.00 0.33 0 0.00 0.00 0.00 0.15
8 0.25 8 -0.07 0.93 4.67 3.74 0.33 1 0.02 0.02 0.02 0.13
9 0.50 15 -0.13 1.05 4.55 3.51 0.33 2 0.02 0.02 0.05 0.10
10 0.75 23 -0.20 1.16 4.44 3.28 0.33 3 0.02 0.02 0.07 0.08
11 1.00 30 -0.26 1.26 4.34 3.07 0.33 4 0.02 0.02 0.10 0.05
12 1.25 38 -0.33 1.36 4.24 2.88 0.25 5 0.02 0.02 0.12 0.03
13 1.50 46 -0.40 1.45 4.15 2.69 0.15 6 0.02 0.02 0.14 0.01
14 1.75 53 -0.46 1.54 4.06 2.52 0.07 7 0.01 0.01 0.14 0.01
15 2.00 61 -0.53 1.62 3.98 2.36 -0.01 8 0.00 0.00 0.15 0.00
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Table XII Compaction data sheet no. 1.
Test No./Discription: SW LA1-R3 SWLA3-R6 SWL B1-R5 SW L B3-R7
Soil M ix : K 95 M 05 K 95 M 05 K 8 9 M  11 K 8 9 M  11
Ring Mass, g : 111.33 111.09 112.70 111.71
Int. Sample Height, in . : 0.773 0.780 0.768 0.779
Ring Diameter, in . : 2.500 2.499 2.498 2.501
Mass of Wet Soil + Ring, g: 212.96 213.58 213.64 214.30
Mass of Wet Soil, g : 101.63 102.49 . 100.94 102.59
Mass of Dry Soil + Ring, g: 200.75 201.26 201.15 201.73
Mass of Dry Soil, g: 89.42 90.17 88.45 90.02
Ram Velocity (in./m in): 0.050 0.050 0.050 0.050
Rebound (in.) 0.025 0.023 0.027 0.026
Fin. Sample Height, in. 0.798 0.803 0.795 0.805
Volume of Compacted Soil
Sample, c c : 64.17 64.54 63.85 64.78
W ater Content, %: 0.14 0.14 0.14 0.14
W et Density, g/cc: 1.58 1.59 1.58 1.58
W et Unit Weight, Ib /c f: 96.76 97.01 96.59 96.75
Dry Density, g /c c : 1.39 1.40 1.39 1.39
Dry Unit Weight, Ib /c f: 85.14 85.35 84.63 84.90
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Table X i n  Compaction data sheet no. 2.
TestNo./D iscription: SWL B2-R1 SWL B4-R3 SW LA2-R2 SW LA4-R 5 SW L B5-R7
Soil M ix : K 8 9 M  11 K 8 9 M 1 1 K 95M 0 5 K95 M05 K89M 11
Ring Mass, g : 105.43 111.33 97.6 112.67 111.71
Int. Sample Height, in: 0.781 0.773 0.771 0.768 0.779
Ring Diameter, in . : 2.500 2.5 2.5 2.5 2.5
Mass of Wet Soil + Ring, g: 208.22 213.08 199.5 213.65 207.93
Mass o f Wet Soil, g : 102.79 101.75 101.90 100.98 96.22
Mass of Dry Soil + Ring, g: 195.62 200.58 187.35 201.7 195.45
Mass o f Dry Soil, g: 90.19 89.25 89.75 89.03 83.74
Ram Velocity (in ./m in): 0.05 0.05 0.05 0.05 0.05
Rebound (in.) 0.025 0.027 0.023 0.029 0.021
Fin Sample Height, (in.): 0.806 0.800 0.794 0.797 0.800
Volume of Compacted Soil 
Sample, c c : 64.83 64.35 63.87 64.11 64.35
Water Content, %: 0.14 0.14 0.14 0.13 0.15
Wet Density, g/cc: 1.59 1.58 1.60 1.58 1.50
Wet Unit Weight, Ib /c f: 96.86 96.60 97.47 96.23 91.35
Dry Density, g /c c : 1.39 1.39 1.41 1.39 1.30
Dry Unit Weight, Ib/cf: 84.99 84.73 85.85 84.84 79.50
98
Table XIV IMS test data sheet no. 1.
Test No./Discription : SWLA1-R3 SWLA2-R2 SWL A3-R6 SWL A4-R5
Soil Mix: K 95 M 05 K89M11 K 95 M 05 K 89 M 11
Ring Mass, g: 111.33 97.6 111.09 112.67
Mass of Dry Soil, g: 89.42 89.75 90.17 89.03
After Swell Mass
of Soil + Ring, g: 231.94 215.92 224.39 217.23
After Swell Mass of Soil, g: 120.61 118.32 113.3 104.56
Compaction
Water Content, %: 13.7 13.5 13.7 13.4
After Swell
Water Content, %: 34.9 31.8 25.7 17.4
Compaction Suction, pF: 5.051 4.648 4.666 4.780
After Swell Suction, pF: 3.946 3.802 4.109 4.390
Compacted sample
Height, in: 0.798 0.794 0.803 0.797
Consolidation, in: 0.0019 0.0006 0.0000 0.0019
Pre-swell Height, in: 0.796 0.793 0.803 0.795
Cumulative Swell, (in.): 0.0445 0.0295 0.0123 0.0049
Vertical Strain, %: 5.59 3.71 1.53 0.61
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Table XV IMS test data sheet no. 2.
Test No./Discription: SW LB1-R 5 SWL B3-R7 SWL B2-R1 SW L B4-R3 SW L B5-R7
Soil M ix : K 8 9 M 1 1 K 8 9 M  11 K 89 M 11 K 8 9 M  11 K 8 9 M  11
Ring Mass, g: 112.7 111.71 105.43 111.33 111.71
Mass o f Dry Soil, g: 88.45 90.02 90.19 89.25 83.74
After Swell Mass
of Soil + Ring, g: 236.54 234.81 221.46 221.78 222.53
After Swell Mass of Soil, g: 123.84 123.1 116.03 110.45 110.82
Compaction
Water Content, %: 14.1 14.0 14.0 14.0 14.9
After Swell
Water Content, %: 40.0 36.7 28.7 23.8 32.3
Compaction Suction, pF: 4.666 4.999 5.159 4.775 4.801
After Swell Suction, pF: 3.992 4.168 4.215 4.324 3.524
Compacted sample
Height, in: 0.795 0.805 0.806 0.800 0.800
Consolidation, in: 0.0029 0.0027 0.0034 0.0030 0.0026
Pre-Swell Height, in: 0.792 0.802 0.803 0.797 0.797
Cumulative Swell, (in.): 0.0873 0.0725 0.0221 0.0113 0.0265
Vertical Strain, %: 11.02 9.04 2.75 1.42 3.32
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Table XVI Soil suction data sheet no. 1.
Soil Mix: K95M5 K95M5 K89M11 K89M11 K89M11 K89M11
Test No./Discription: swlA1 int u swtA1 int u swlB1 int u swlB1 int u swlB5 int u swlB5 int u
Tin No.: 3 4 5 6 E7/3 E7/4
Top / Bottom Filter Top Top Top
Paper (Circle one): Bottom Bottom Bottom
Cold Tare Mass, g Tc 30.2909 30.3860 30.4052 30.5159 30.2918 30.3881
Mass of Wet Filter
Paper + Cold Tare.g M1 30.5627 30.6529 30.6676 30.7889 30.5730 30.6598
Mass of Dry Filter
Paper + Hot Tare.g M2 30.5234 30.6112 30.6291 30.7494 30.5230 30.6148
Hot Tare Mass, g Th 30.2896 30.3821 30.4012 30.5127 30.2903 30.3852
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2338 0.2291 0.2279 0.2367 0.2327 0.2296
Mass of Water in
Filter Paper, g (M1 -M2-Tc+Th) Mw 0.0380 0.0378 0.0345 0.0363 0.0485 0.0421
Water Content of
Filter Paper 100(Mw/Mf) Wf 16.25 16.50 15.14 15.34 20.84 18.34
Suction, pF* u 5.061 5.042 5.148 5.132 4.703 4.899
Average Suction, pF 5.051 5.140 4.801
u (pF) = 6.327 - 0.0779(Wf)
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T ab le X V II Soil suction data sheet no. 2.
Soil Mix: K95M5 K95M5 K9 5 M 5 K95 M5 K95M5 K95M5
Test No./Discription: swlA2 int u swlA2 int u swlA3 int u swlA3 int u swlA4 int u swlA4 int u
Tin No.: E1/3 E1/4 E2/5 E2/6 E5/12 E5/9








Cold Tare Mass, g Tc 30.2902 30.3863 30.4054 30.5155 30.3983 30.6788
Mass of Wet Filter
Paper + Cold Tare.g M1 30.5632 30.6683 30.6777 30.7885 30.6731 30.9515
Mass of Dry Filter
Paper + Hot Tare.g M2 30.5136 30.6175 30.6282 30.7414 30.6282 30.9059
Hot Tare Mass, g Th 30.2893 30.3852 30.4049 30.5152 30.3991 30.6782
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2243 0.2323 0.2233 0.2262 0.2291 0.2277
Mass of Water in
Filter Paper, g (M1-M2-Tc+Th) Mw 0.0487 0.0497 0.0490 0.0468 0.0457 0.0450
Water Content of
Filter Paper 100(Mw/Mf) Wf 21.71 21.39 21.94 20.69 19.95 19.76
Suction, pF* u 4.636 4.660 4.618 4.715 4.773 4.787
Average Suction, pF 4.648 4.666 4.780
u (pF) = 6.327 - 0.0779(Wf)
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Table XV m  Soil suction data sheet no. 3.
Soil Mix: K89M11 K89M11 K89M11 K89M11 K89M11 K89M11
Test No./Discription: swlB3 int u swlB3 int u swlB2 int u swlB2 int u swl B4 int u swl B4 int u
Tin No.: E5/3 E5/4 E3/3 E3/4 E7/7 E7/8








Cold Tare Mass, g Tc 30.2913 30.3870 30.2915 30.3866 30.7804 30.3777
Mass of Wet Filter
Paper + Cold Tare.g M1 30.5701 30.6668 30.5531 30.6488 31.0455 30.6549
Mass of Dry Filter
Paper + Hot Tare.g M2 30.5320 30.6184 30.5168 30.6128 30.9999 30.6058
Hot Tare Mass, g Th 30.2892 30.3838 30.2896 30.3845 30.7781 30.3754
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2428 0.2346 0.2272 0.2283 0.2218 0.2304
Mass of Water in
F ^ r Paper, 9 (M1-M2-Tc+Th) Mw 0.0360 0.0452 0.0344 0.0339 0.0433 0.0468
Water Content of
Filter Paper -|00(Mw/Mf) Wf 14.83 19.27 15.14 14.85 19.52 20.31
Suction, pF* u 5.172 4.826 5.148 5.170 4.806 4.745
Average Suction, pF 4.999 5.159 4.775
u (pF) = 6.327 - 0.0779(Wf)
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Table XIX Soil suction data sheet no. 4.
Soil Mix: K9 5 M 5 K95M5 K89M11 K89M 11 K89M11 K89M11
Test No./Discription: swlA1 fin u swlA1 fin u swlB1 fin u swlB1 fin u swlB2 fin u swlB2 fin u
Tin No.: E1/8 E1/10 E2/11 E2/12 E3n E3/7








Cold Tare Mass, g Tc 30.3784 30.4293 30.5080 30.4008 30.7785 30.3777
Mass of Wet Filter
Paper + Cold Tare.g M1 30.6823 30.7401 30.8073 30.7025 31.0748 30.6727
Mass of Dry Fitter
Paper + Hot Tare,g M2 30.6115 30.6619 30.7372 30.6314 31.0095 30.6080
Hot Tare Mass, g Th 30.3755 30.4271 30.5071 30.3991 30.7770 30.3753
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2360 0.2348 0.2301 0.2323 0.2325 0.2327
Mass of Water in
Fitter Paper, g (M1-M2-Tc+Th) Mw 0.0679 0.0760 0.0692 0.0694 0.0638 0.0623
Water Content of
Filter Paper 100(Mw/Mf) Wf 28.77 32.37 30.07 29.88 27.44 26.77
Suction, pF* u 4.086 3.806 3.984 4.000 4.189 4.241
Average Suction, pF 3.946 3.992 4.215
u (pF) = 6.327 - 0.0779(Wf)
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Table XX Soil suction data sheet no. 5.
Soil Mix: K95M5 K95M5 K95M5 K95 M5 K95 M 5 K95M5
Test No./Discription: swtA2 fin u swlA2 fin u swlA3 fin u swlA3 fin u swiA4 fin u swlA4 fin u
Tin No.: E1/10 E1/11 E9/5 E9/6 E11/7 E11/8
Top / Bottom Filter Top Top Top
Paper (Circle one): Bottom Bottom Bottom
Cold Tare Mass, g Tc 30.4272 30.5077 30.4028 30.5150 30.7773 30.3761
Mass of Wet Filter
Paper + Cold Tare.g M1 30.7267 30.7960 30.6904 30.8028 31.0590 30.6603
Mass of Dry Filter
Paper + Hot Tare.g M2 30.6530 30.7257 30.6291 30.7367 31.0033 30.6023
Hot Tare Mass, g Th 30.4280 30.5068 30.4035 30.5144 30.7777 30.3747
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2250 0.2189 0.2256 0.2223 0.2256 0.2276
Mass of Water in
Filter Paper, g (M1-M2-Tc+Th) Mw 0.0745 0.0694 0.0620 0.0655 0.0561 0.0566
Water Content of
Filter Paper 100(Mw/Mf) Wf 33.11 31.70 27.48 29.46 24.87 24.87
Suction, pF* u 3.748 3.857 4.186 4.032 4.390 4.390
Average Suction, pF 3.802 4.109 4.390
u (pF) = 6.327 - 0.0779(Wf)
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Table XXI Soil suction data sheet no. 6.
Soil Mix: K89M11 K89M11 K89M11 K89M11 K89M11 K89M11
Test NoVDiscription: swl b3 fin u swl b3 fin u swl b4fin u swl b4fin u swtb5finu swl b5 fin u
Tin No.: E4/10 E4/11 E11/3 E11/5 E 10/11 E 10/7








Cold Tare Mass, g Tc 30.4279 30.5060 30.2906 30.4058 30.5073 30.7800
Mass of Wet Filter
Paper + Cold Tare.g M1 30.7194 30.7962 30.5878 30.6889 30.8185 31.0918
Mass of Dry Filter
Paper + Hot Tare.g M2 30.6546 30.7298 30.5263 30.6288 30.7322 31.0094
Hot Tare Mass, g Th 30.4249 30.5040 30.2897 30.4038 30.5059 30.7775
Mass of Dry Filter
Paper, g (M2 - Th) Mf 0.2297 0.2258 0.2366. 0.2250 0.2263 0.2319
Mass of Water in
Filter Paper, g (M1-M2-Tc+Th) Mw 0.0618 0.0644 0.0606 0.0581 0.0849 0.0799
Water Content of
Filter Paper 100(Mw/Mf) Wf 26.90 28.52 25.61 25.82 37.52 34.45
Suction, pF* u 4.231 4.105 4.332 4.315 3.404 3.643
Average Suction, pF 4.168 4.324 3.524
u (pF) = 6.327 - 0.0779(Wf)
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